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Abstract 
Abstract 
An atmospheric field of interest is the partitioning of volatile organic compounds 
(VOC) and their oxidation products into the liquid phase. The VOC of interest in 
this work are phenols and nitrophenols which are a major class of VOC and uptake 
into liquid droplets. The subsequent oxidation and nitration therein contributes to the 
fate and transportation of these pollutants in the atmosphere. A number of phenols 
and nitrophenols are also toxic. Several approaches were used in this work. 
The Henry's Law coefficient is a key physical parameter in determining the 
atmospheric phase-partitioning of a chemical compound. However, there is 
extremely poor agreement in the literature of Henry's law values, even for phenol, 
and, in particular, no systematic measurement of the variation with temperature. A 
temperature controlled column-stripping method was used to determine the Henry's 
Law coefficients of phenol, o-cresol and 2-nitrophenol over the temperature range 
28 1-302 K. The Henry's Law coefficients were derived from regression fits to the 
observed rates of loss from the liquid phase as a function of column depth in order 
explicitly to take account of potential non-attainment of equilibrium between liquid 
and gas phases. Temperature dependent expressions for the air-water Henry's Law 
coefficient of phenol, o-cresol and 2-nitrophenol over the stated temperature range 
were calculated to be in H(/ M atm') = 50 —11.6, lnH(/M atni1) = 6680 —15.4 
and in H(/ M atm') = 6270 —16.6, respectively. 
T 
In order to investigate the kinetics and selectivity of the liquid phase nitration of 
phenol, reliable procedures for the production of the nitrating agents N 205 and 
C1NO2 were established. Production of N 205 was achieved via on-line mixing of 
NO2 (1 %) with 03 (-.5 %) in a 2:1 ratio in a darkened reaction vessel. C1NO2 was 
produced by conversion of N205 using NaCl solution (4 M). A method for 
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quantitative solid phase extraction and GC-ECD analysis of nitrophenols was also 
developed to analyse the products formed by the reaction of N 205 and C1NO2 with 
phenol in the aqueous phase. Nitration experiments were conducted under both 
acidic and basic conditions over a temperature rangc relevant to environmental 
processes. Results indicated the formation of 2- and 4-nitrophenol together with 
4-nitrosophenol (additionally characterised using GC-MS). Furthermore results 
suggested that phenol is a more effective nucleophile than water. Values for 	the 
ratio of the rate coefficient for the NO2 + phenol reaction relative to the rate 
coefficient for the NO2 + water reaction, range from 300 to 1800 L moV'. 
Finally, a chemical kinetic model was developed to quantify the relative nitration 
pathways of aromatic compounds in the troposphere. A box model, coded using 
FACSIMILE software, was used to investigate the partitioning of benzene and 
phenol into the liquid phase and to assess the relative importance of the gas and 
liquid phases. The model included the phase partitioning of 21 species and focused 
on the conversion of benzene to phenol and finally nitrophenol in both the gas and 
liquid phase. Results indicated that the liquid phase contributes significantly to the 
production of mtrophenols in the troposphere. The system was shown to be sensitive 
to the assumed liquid water content (Lc) over the range 3 xl 0 to 3 xl 0 as well as 
the droplet diameter and temperature. The accuracy of the liquid phase rate 
coefficients for the phenol + OH and phenol + NO3 reactions were also shown to be 
very significant although the benzene + OH rate coefficient had little impact on the 
system. The model was then extended to include the partitioning of the nitrophenol 
products which allowed an estimation to be made regarding the fate of the product 
species. At the benchmark Lc value of 3x10 7, used to describe tropospheric cloud 
conditions, some 58 % of the riitrophenols are produced by liquid phase processes 
whereas less than 2 % of the nitrophenols remain in the liquid. This suggested that a 
great deal of the nitrophenol that may be observed in the gas phase is actually 
produced through liquid phase pathways. 
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The presence of nitrophenols in the environment has been acknowledged since their 
first detection by Nojima et al. (1975) in rainwater. However, information regarding 
the occurrence of nitrophenols remained scarce until their phytotoxic properties were 
discovered. This has prompted speculation that nitrophenols are a contributory 
factor for the forest decline experienced in central Europe and North America 
(Rippen et al., 1987). As a result, mtrophenols have gained more attention and have 
been analysed in the air (Belloli et al., 1999; Herterich and Herrmann, 1990), rain 
(Leuenberger et al., 1988; Levsen et aL, 1990), water (Geissler and Scholer, 1994), 
fog (Herterich, 1991; Richartz et al., 1990) and snow (Kawamura and Kaplan, 1986). 
Recent measurement of organic compounds in cloud, rain and snow all indicate that 
levels of nitrophenols are significantly higher than might be expected from their 
direct emission. Therefore attention has been drawn to the photolytic formation of 
nitrophenols by reaction of mono-aromatics with OH radicals and NO present in the 
atmosphere. Furthermore, the routes through which mtrophenols may be formed in 
the atmosphere may include liquid phase processes in addition to gas phase process. 
While possible pathways of gas-phase oxidation of benzene and alkylsubstituted 
benzenes have been extensively studied (Atkinson et al., 1992; Grosjean, 1991; 
Klotz et al., 1998; Knispel et al., 1990; Lay et al., 1996), the fate of aromatics with 
respect to the aqueous phase is less well understood. 




1,2 Measurements of Nitrophenols in the Environment 
Following the recognition of their phytotoxicity, the detection and measurement of 
nitrated phenols has become a focus for research. In general nitrophenols have been 
detected in the ng m 3 range in clear air and in the tg L range in rain and cloud 
water (Leuenberger et al., 1985) which makes them one of the most abundant groups 
of organic compounds in rainwater (Grosjean, 1991; Herterich and Herrmann, 1990; 
Levsen et al., 1990; Richartz et al., 1990). However, these figures are only 
approximate as concentrations vary considerably with location. While 
concentrations of nitrophenols are understandably enhanced in polluted 
environments, nitrophenols exhibit good stability which, combined with their 
polarity and low vapour pressure, allows global dispersion through atmospheric 
precipitation. Trace amounts of nitrophenols have even been detected in snow and 
lake samples taken in the Antarctic, although it is unclear whether the nitrophenols 
may have originated from elsewhere or were formed locally (Vanrn etal., 2001). 
Despite this interest in nitrophenols, measured values of ambient concentrations of 
nitrophenols are quite variable. Table 1.1 shows literature values of concentrations 
of phenol, 2-nitrophenol, 4-nitrophenol, 2,4-dinitrophenol and o-cresol 
(2-methylphenol) measured in different environmental compartments. It is thought 
that fog and cloud droplets are able to scavenge organic compounds more efficiently 
than rain due to the smaller drop size and the longer residence time in the 
atmosphere. As a result, the gas / liquid exchange of organic compounds in these 
media will be more efficient. However, Richartz et al. (1990) were unable to detect 
2-nitrophenol in fog, probably due to the relatively low Henry's law coefficient that 
it exhibits (-400 - 200 M atm'). 




Table 1.1 Measurements of phenols in the environment. 
Gas phase 
I ng m 3 
Cloud 
I tg U 1 
Fog 
/ tg L 
Surface water 
/ jig L 1 
Rain 
/ jig L 1 
Snow 
I j.tg U' 
Phenol 13.8-70.5 
a 5.4 a <0.94-91.8 
b 0.09-7.8 C 5.6 d 
35 e 1 . 6e 
320 1 3.0 >0.281 
40h 
2-nitrophenol 0.8-6.4 a 0.2 8 
 Not detected b 0.028-0.43' 0.18 d 
24 0.3 <0.04-0.34 
C 0.059 
350h 0.60" 
O . I-1 .4j 
4-nitrophenol 1.2-35 
a 2.2 2  8.140.2 b 0.011-0.07 s• 	
d 0.008-0.013 




0.1-8.5 a 1.0 a 1.7-30.4 b 2537k 
5.4 9  
o-cresol 20 0.3 9 
 <0.03-0.3 C 1.5" 
71 f >11 
1.3 d 
a 	Great Dun Fell, England (LUttke et al., 1997) 
b 	North East Bavaria (Richartz et al., 1990) 
Berlin (Schmidt-Baumler et al., 1999) 
d 	Hannover (Levsen Cr al., 1990) 
Vosges mountains, France (Levsen et al., 1993) 
Portland, Oregon (Leuenberger et al., 1985) 
g 	Mount Brocken, Germany (LUttke et al., 1999) 
h 	urban site, Switzerland (Leuenberger et aL, 1988) 
Antarctic (Vanrn etal., 2001) 
several locations, Germany (Rippen et al., 1987) 
k 	former ammunitions plant, Germany (Wennrich et al., 1995) 
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Of the various field campaigns, two by Lüttke et al. have been the most 
comprehensive. In the first campaign (LUttke et al., 1997), concentrations of phenol, 
2-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol were measured in the gas and 
liquid phases in the air of a remote site at the summit of Great Dun Fell in 
N. England. The concentrations of all the species were low compared with the more 
polluted sampling sites in central Europe (Leuenberger et al., 1988; Levsen et al., 
1993; LUttke et al., 1999) or in North America (Leuenberger et al., 1985). For 
example, concentrations of phenol at this remote site are considerably lower with 
values of 13.8 - 70.5 ng m 3 compared with 320 ng m 3 at an urban site in Oregon. 
Of the nitrophenols studied, 4-nitrophenol was present in the highest concentrations 
with values of up to 35 ng m 3 in the gas phase and up to 2.2 g L in the liquid 
phase. This was thought to be due to slower degradation of 4-nitrophenol rather than 
emissions from local sources. The 4-nitrophenol that was detected was mainly 
particle bound, which might account for the longer life-time when compared with the 
other nitrophenols. The low levels of 2-nitrophenol observed were thought to be a 
result of faster photochemical degradation of 2-nitrophenol compared with 
4-nitrophenol. Furthermore, an anti-correlation between 2-nitrophenol and 
2,4-dinitrophenol was observed suggesting the formation of 2,4-dinitrophenol from 
2-nitrophenol. This relationship was particularly pronounced during cloud events 
indicating either that the cloud limited the photolytic degradation of 
2,4-dinitrophenol compared with 2-nitrophenol or that 2,4-dinitrophenol was formed 
from 2-nitrophenol in the liquid phase of clouds. 
The second field campaign was undertaken in a more heavily polluted environment 
at Mount Brocken (LUttke et al., 1999) in central Europe. Similar measurements of 
mtrophenols were made in both air and in cloud water. While the concentrations of 
mtrophenols were significantly higher than those at Great Dun Fell, phenol 
concentrations were lower. This was thought first to reflect the overall higher levels 
of local VOC emissions and, secondly, to indicate the faster degradation of phenol in 
the more polluted areas, possibly through the formation of secondary species, such as 
nitrophenols. High levels of monomtrophenol (NP) compared with dinitrophenol 
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(DNP) were found at Mount Brocken which correlates to a similar ratio (NP:DNP) 
found in car exhaust (Tremp et al., 1993). Ratios of 2-nitrophenol to 4-nitrophenol 
(1.0 ± 0.36) were also observed to be similar to those found in vehicle emission (1.5). 
This was in direct contrast to the ratio observed at Great Dun Fell (0.35 ± 0.2) which 
indicates that the air masses at Great Dun Fell were more aged, as expected at the 
more remote site. 
During the Great Dun Fell study (LUttke et al., 1997) it was suggested that 
dinitrophenol was formed by nitration of mononitrophenol in cloud droplets. This 
was hypothesised due to the observation that 2,4-dinitrophenol concentrations were 
up to seven times higher during days when the sampling site was in cloud compared 
with cloud-free days. At Mount Brocken (Luttke et al., 1999) ratios of NP:DNP 
were found to be consistently low during cloud events, and higher in clear air. This 
complements the data from Great Dun Fell and adds weight to the hypothesis that 
dinitrophenol is mainly formed from monomtrophenol in cloud droplets. 
1.3 Effects of Nitrophenols 
Nitrophenols are recognised as being toxic and have been suggested as a contributory 
factor in forest decline in central Europe and North America and other parts of the 
world (Rippen et al., 1987). Studies by Natangelo et al. (1999) and Hinkel et al. 
(1989) have shown that concentrations of nitrophenols are significantly higher in the 
leaves of damaged trees (1.64 j.tM) than in those of healthy specimens (0.67 tM). 
Nitrophenols are known to act as uncoupling agents in oxidative phosphorylation and 
can affect cell metabolism at levels of 10 iM or less (Schwarzenbach et al., 1988; 
Shea et al., 1983). At these concentrations, 2,4-dinitrophenol has been shown to 
inhibit the growth (Bonner, 1949), transpiration (Barber and Koontz, 1963) and 
uptake of nutrients (Votroubova-Vanousova, 1977) for several plants. Other studies 
have shown that seed germination is also reduced by up to 50 % when exposed to 
aqueous solutions of mtrophenols. Nitrophenols may be absorbed directly by 
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diffusion through the cuticles (Shafer and Schonherr, 1985) of the leaves or may 
enter into the soil as rainwater where they are readily taken up by plant roots. 
Although nitrophenols can be relatively persistent in both soil and surface water they 
have been shown to be metabolised by a number of soil organisms. While the exact 
degradation pathways have not been established, degradation of mtrophenols is 
thought to occur by either (McCormick et aL, 1976): 
The reduction of the nitro group to an amino group followed by 
oxidative deammination with the release of NH3. 
The release of a nitro group as nitrate. 
However, these micro-organisms have been shown to be less active during the winter 
months. As a result of increased rainfall in the winter together with the inactivity of 
the micro-organisms, trees are particularly susceptible to damage during the spring 
months. 
The presence of nitrophenols in rainwater and surface water is also of concern to 
drinking water supplies and for the protection of aqueous organisms. The toxic 
effects of mtrophenols in water on algae and fish have been reported at 
concentrations as low as 1 jtM (Howe et al., 1994). 
In addition to concern over the contamination of drinking water, nitrophenols have 
been identified in suspended particulates during photochemical smog episodes 
(Nojima et al., 1976; Nojima et al., 1983). Inhalation of nitrophenol is known to 
cause headaches, breathing difficulties and a rise in body temperature in humans. 
Animal studies suggest that 2-nitrophenol is more harmful than 4-nitrophenol, 
causing blood to reduce the capacity to carry oxygen to tissues and organs. 
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1.4 Primary Sources of Nitrophenols 
Nitrated phenols may enter the environment from a number of sources. They are 
used as raw materials in industry for the manufacture of phenol-formaldehyde resins, 
pharmaceuticals, disinfectants, dyes and explosives. The formation of mtrophenols 
in the combustion processes of motor vehicles has also been reported by Nojima et 
al. (1983) and Tremp et al. (1993), who found nitrophenols and nitrocresols in the 
exhaust gas of car engines in the mg m 3 range. Combustion of coal and wood also 
leads to an introduction of these compounds into the atmosphere. 
Another way nitrated phenols may enter the atmosphere is through the use of 
herbicides and insecticides used in agriculture. The pesticide, dimtroorthocresol 
(DNOC), was first discovered and patented in Germany in 1892 as an insecticide. 
Since then the basic chemical structure has been altered to produce a range of 
insecticides, such as parathion and methyl parathion as well as herbicides such as 
dinoseb and nitrofen (Figure 1.1). After dinoseb was first marketed in 1948, 
pesticides such as these were widely used in agriculture. However, pesticides with 
this basic structure are all susceptible to photochemical decomposition and 
hydrolysis reactions on the leaf surface, resulting in the release of 4-nitrophenol 
(Shafer and Schonherr, 1985). As a result, pesticides such as these have been banned 
in the UK since 1991. 
However, the relative concentrations of nitrophenols in rainwater have been found to 
be quite different to those found from these primary emissions. This indicates that 
the nitrophenols present in rain are a result of additional secondary formation of 
nitrophenols through reaction of monoaromatics with NO and OH present in the 
atmosphere. 
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Figure 1.1 Indicating the structures of commonly used pesticides based on the 
nitrophenol structure. 
1.5 Secondary Formation of Nitrophenols 
Volatile organic compounds (VOC) such as benzene and alkylbenzene are emitted in 
large quantities into the troposphere by the industrial nations. The global output of 
VOC has been estimated to be about 60 - 140 Mt per year from anthropogenic 
sources in addition to the 30 - 1150 Mt per year from biogenic sources (Atkinson, 
1998). It is well established that aromatics such as benzene and toluene comprise a 
significant fraction of the VOC mixture present in anthropogemc emissions and in 
urban air. These emissions are mainly attributed to car traffic and solvent use 
together with biomass burning and emissions from domestic heating systems. While 
aromatics are damaging to human health in their own right, they may also undergo 
photochemical gas phase reactions with OH radicals and NO x species present in the 
troposphere producing phenol and mononitro and dimtro substituted phenols (Nojima 
et al., 1976; Nojima and Isogami, 1994). This hypothesis has been supported by 
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smog chamber experiments (Nojima et al., 1975) in which aromatics such as benzene 
and toluene were irradiated with light, together with NO and OH, leading to the 
formation of both 2-mtrophenol and 4-nitrophenol. 
The pathways for initiating oxidation reactions of VOCs in the lower troposphere are 
through reaction with 03, OH and NO3, and photolysis at wavelengths greater than 
about 290 nm. The relative importance of these radical reaction pathways depends 
on the relative concentrations of the radicals together with the reaction rate 
coefficients. 
The reaction pathway for the gas phase oxidation of mono-aromatic species such as 
benzene has been the focus for a great deal of research (Atkinson, 1998; Grosjean, 
1991; Volkamer et al., 2001). Oxidation of monocylic aromatics is initiated by OH 
radical attack (Atkinson, 2000). The reaction proceeds by addition to the ring or 
H-atom abstraction from either the substituent groups or from the ring C-H. In all 
cases the addition channel is dominant. 
In the case of benzene, -the reaction with OH is rather slow when compared to those 
of alkylbenzene, resulting in a residence time in the atmosphere of approximately ten 
days. Reaction with OH proceeds almost exclusively via the reversible addition to 
the ring forming the hydrocyiclohexadienyl radical, also termed the OH-benzene 
adduct. The H-atom abstraction pathway forming H2O and a phenyl radical is of less 
importance and accounts for only 5 - 10 % of the reaction (Figure 1.2). 








Figure 1.2 The two reaction pathways for benzene + OH in the gas phase. 
While information remains scarce with regards to the H-atom abstraction pathway, 
products formed under atmospheric conditions are thought to include phenol and 
mono- and di-nitrophenol (Andmo et al., 1996; Atkinson et al., 1992; Grosjean, 
1991; Seinfeld and Pandis, 1998). The OH-benzene adduct formed by the dominant 
route can react with 02 and NO2 leading to phenol and ring-opened products. 
Figure 1.3 illustrates the initial oxidation steps in the reaction of OH with benzene 
and includes the different mechanisms currently proposed for the formation of 
phenol. Many studies have reported the formation of phenol with a yield of about 
25 % (Bemdt et al., 1999; Bemdt and Boge, 2001; Bjergbakke et al., 1996) whilst 
recent work by Volkamer and co-workers (Klotz et al., 2002; Volkamer et al., 2002) 
have indicated phenol yields as high as 55 %. The subsequent reaction of phenol 
with NO3 has been reported to be fast (Atkinson et al., 1984; Atkinson et al., 1992) 
giving 2-nitrophenol as the major product with high yields (Bolzacchini etal., 2001). 
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Figure 1.3 Schematic showing the currently proposed oxidation pathways of 
benzene in the atmosphere. The formation of phenol is highlighted by the box. 
The oxides of nitrogen, NO (sum of NO + NO2), play a central role in the chemistry 
of the atmosphere. Reactions with organics present in the atmosphere, such as 
phenol, act as an important loss process for inorganic N0 species. Indeed, 
measurements have shown that peroxyacetyl nitrate (PAN) is often present in 
concentrations much greater than NO x in the global atmosphere (Singh et al., 1985). 
Altering the partitioning of nitrogen between inorganic and organic nitrogen (such as 
nitrophenols) impacts directly upon the OH chemistry and, in turn, the oxidative 
capacity of the troposphere. 
While the gas phase kinetics may be relatively well understood, many atmospheric 
reactions occur inside or on the surface of water droplets in the cloud or fog. 
Therefore it is important to consider the uptake and reactions of aromatics in the 
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condensed phase (Figure 1.4). However, information is lacking with respect to 
transfer to the liquid phase and subsequent nitration of VOC oxidation intermediates. 
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Figure 1.4 Simplified scheme for secondary formation of phenol and 
nitrophenols in the atmosphere including the uptake of gaseous species and 
subsequent reactions in the liquid phase. 
1.6 Heterogeneous Chemistry 
In atmospheric chemistry, the term "heterogeneous" is generally used to describe the 
interaction between the gas phase and liquid droplets or solid particles. Therefore, 
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heterogeneous chemistry encompasses reactions between gaseous atmospheric 
species with aerosols, cloud, fog, rain and other forms of precipitation. 
Clouds are both the most visible and the most abundant form of condensed water in 
the troposphere. They are formed by the condensation of water vapour onto 
atmospheric aerosol particles in air that has become supersaturated. About 60 % of 
the Earth's surface is covered by clouds at any given time, which are almost 
exclusively in the troposphere. On average, clouds occupy only about 7 % of the 
total volume of the troposphere and the volume fraction of liquid water in clouds 
rarely exceeds 10 (Pruppacher and Jaenicke, 1995). Although this volume fraction 
represents a fairly small value, clouds have a major influence on the atmosphere. 
Clouds may alter the composition of the atmosphere in many ways: 
• 	Gas-phase species dissolve in liquid droplets and are thereby removed 
from the gas-phase and removed to lower altitude. 
• 	Liquid droplets remove soluble species from the gas-phase, thereby 
separating soluble and insoluble species (Lelieveld and Crutzen, 
1990). This might limit the production of species which would 
otherwise be possible in clear air. 
• 	Many gas-phase reactions are relatively slow due to the large 
activation energies required. However, in or on the condensed matter 
the concentration of the species can increase and the activation 
energies can often be lowered, thereby allowing the reaction to occur. 
• The atmospheric photochemistry of a species may be different in the 
presence of particles. The photon density in the gas-phase may be 
high at the top of thick clouds, whereas it can be greatly reduced 
below (Madronich, 1987). 
Combination of these factors may result in the production of species by processes 
which might not be possible, or be very slow, in clear air. 
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The atmosphere is comprised of both gas and liquid phases and is therefore affected 
by reactions that take place in both the gas and the liquid phase. Reactions which 
occur in the condensed phase will always be in competition with those in the gas 
phase. Therefore, in addition to investigating the gas phase processes that occur in 
the troposphere, it is also essential to study the condensed phase to understand the 
atmosphere as a whole. 
1.7 Aqueous Phase Nitration of Phenol 
As mentioned in Section 1.2, field measurements by LUttke et al. (1997; 1999) 
concluded that dinitrophenols are predominantly formed within cloud droplets rather 
than in clear air. The nitration of phenol in the aqueous phase requires the 
electrophilic substitution of NO2 onto the aromatic ring. Possible sources of this 
nitrating agent in the troposphere include dinitrogen pentoxide (N 205) and mtryl 
chloride (C1NO2). 
N205 plays an important role in atmospheric chemistry as it acts as a reservoir 
species for the oxides of nitrogen (NOr) which takes part in catalytic cycles that both 
create and destroy ozone. Atmospheric N205 is formed through reactions during the 
night when the concentrations of NO3 are high (Equations 1.1 to 1.3), and destroyed 
by the photolysis of NO3 during the day. The major loss route for N205 is thought to 
be through the heterogeneous loss with water to form nitric acid (Equation 1.4). In 
this way the loss process for N205 terminates the NO cycle mainly responsible for 
the formation of tropospheric ozone. 
NO +03 - NO2 +02 	 (1.1) 
NO2 +03 -' NO3 +02 	 (1.2) 
M+NO3+NO2N2O5+M 	 (1.3) 
N205 +1120 - 2F1NO3 	(surface process) 	(1.4) 
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Laboratory studies have also shown that N205 can react with aerosols containing 
salts such as NaCl or NaBr to form C1NO2 and BrNO2 respectively (FinlaysonPitts et 
al., 1989; FinlaysonPitts etal., 2002). 
Although the Henry's Law coefficient for N205 in water is small at just 2.1 M atm 1 
(Fried et al., 1994), rapid solvation substantially increases its effective physical 
solubility. Low temperature Infra Red studies by Horn et al. (1994) have shown that 
N205 hydrolysis proceeds through an NO2-NO3 intermediate. Studies into the 
uptake of N205 by solutions of NaCl (Behnke et al., 1997) indicated that the 
production of C1NO2 was limited by chloride concentrations. From these results the 
authors concluded that N205 first dissociates into NO2 + NO3 before reacting with 
water or chloride. Having formed NO2 in solution, the reaction of NO2 with Cl 
was heavily favoured compared to reaction with 1120, largely due to the attraction of 
the oppositely charged ions. C1NO2 has also been shown (Figure 1.5) to dissociate 







N205(g) 4 	N2O5oq4_ N0 + NO2 _
Ar  Ar—NO2 + H 
1120 	 1120 
y 	 y 
2H + 2NO3 	2H + NO; 
Figure 1.5 Schematic indicating the interconversion of N205 with C1NO 2 and 
potential reaction with phenol, where Ar signifies a generic mono-aromatic 
compound. 
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NO2 may then react with aromatic substances to form nitroaromatics or with water 
as described in Equations 1.5 and 1.6 respectively. It has also been shown that 
aromatic compounds, such as phenol and nitrophenols, react with the NO2 ion faster 
than water (Taylor, 1990). 
NO2 + Ar-H -* W + Ar-NO2 	 (1.5) 
NO2 +1120 - 2H + NO3 	 (1.6) 
1.8 Scope of the Thesis 
Research into the better understanding of the role of the heterogeneous phase in the 
atmosphere can take many different forms. In this work three different approaches 
have been taken with the overall aim of investigating the impact of the aqueous 
phase with respect to the formation and distribution of nitrophenols through: 
. 	Measurement of parameters such as Henry's Law coefficient for 
phenols and nitrophenols over a temperature range relevant to 
atmospheric processes. 
Determination of the kinetics and selectivity of the aqueous phase 
nitration of phenols. 
Incorporation of measured parameters and other data into a chemical 
kinetic model to quantify the relative importance of the different 
nitration pathways of aromatics in the troposphere. 
The remainder of the thesis is set out as follows: 
Chapter 2 gives a review of the theoretical background behind gas / liquid 
interactions. The experimental methods used in this work are also described. 
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Chapter 3 is concerned with the presentation and discussion of measurements of the 
Henry's law coefficient of phenol, o-cresol and 2-nitrophenol by means of a purge 
bubble column. 
Chapter 4 describes the development of the technique by which the heterogeneous 
nitration of phenol was examined. The experimental data are presented and 
discussed. 
Chapter 5 explains the development of a multiphase model which accurately 
describes both clean and polluted scenarios. Work focuses on the partitioning of 
aromatics and assesses the relative importance of the gas and liquid phases to the 
formation of nitrophenols. 
Chapter 6 summarises the results from the whole thesis. It examines weaknesses of 
the research and suggests a few future directions for research. 
The Appendix contains the actual FACSIMILE coding used to generate the 
modelling data together with a brief description of the way in which the model was 
written. 
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Chapter 2 
Heterogeneous Chemistry in the Atmosphere 
2.1 Background 
The Earth's atmosphere is mostly a gaseous medium. However, within this gas there 
is suspended condensed matter in the form of liquids and solids. In recent years, 
especially since the discovery and elucidation of the Antarctic ozone hole (Farman et 
al., 1985), the role of the condensed matter has received more attention. 
Up until 1985 significant advances in the understanding of homogeneous gas-phase 
chemistry had been made such that it had been thought that most of the chemistry 
that takes place in the stratosphere was well understood (Anderson, 1987). The 
discovery of the Antarctic ozone hole drew attention to a hitherto neglected area of 
atmospheric chemistry, namely heterogeneous atmospheric chemistry. In this 
instance these heterogeneous processes convert inactive chlorine, in the form of 
reservoir molecules such as HC1 and CIONO2, into an active photolysable form such 
as HOCI and C12 (Equations 2.1 and 2.2). These reactions occur during the polar 
night on the surfaces of tiny atmospheric particles called polar stratospheric clouds 
(Anderson et al., 1991; McElroy and Salawitch, 1989). 
C1ONO2 + HC1 -f  C12 + 11NO3 	 (2.1) 
C1ONO2 + H20 - HOCL + HNO3 	 (2.2) 
After the polar sunrise, the active chlorine-containing molecules, C12 and HOd, 
released atomic Cl through photodissociation and initiate the chain destruction of 
ozone according to the fast reaction (Equation 2.3). 
M.A.J.Harrison 	 24 
Chapter 2 	 Heterogeneous Chemistry in the Atmosphere 
Cl+ 03 -p ClO +02 	 (2.3) 
What the discovery of this phenomenon achieved was to highlight the speed and the 
efficiency of these heterogeneous reactions even at low temperatures such as those 
encountered in the stratosphere above the Antarctic. 
In addition to these stratospheric heterogeneous processes, there is also evidence for 
heterogeneous processes that take place in the troposphere. The troposphere extends 
from the Earth's surface to an altitude of approximately 10 km, although the top of 
the troposphere can be as low as 7 km in polar regions and as high as 17 km over 
tropical regions. Tropospheric air generally cools with altitude, reaching a minimum 
temperature at the tropopause, the boundary between the troposphere and the 
stratosphere. The low temperature observed at the tropopause (200 - 220 K) leads to 
the condensation of water and other species. Whereas transport and mixing in the 
troposphere is generally fast, mixing across the tropopause is inhibited, and is slow in 
the stratosphere. As a result, a wide variety of species, including those from 
anthropogenic sources, as well as much of the liquid water of the atmosphere, is 
contained within the troposphere. The abundance of liquid water together with a 
countless number of trace species allows highly complex heterogeneous interactions 
to take place within the troposphere. 
As highlighted in Section 1.6, clouds are the most abundant source for 
heterogeneous reactions in the troposphere. Other forms of surface on which 
heterogeneous reactions may take place include dust, organic aerosols, sea-salt 
aerosols and soot from combustion processes. Whilst all these different forms of 
media are important areas for research, the work contained in this thesis focuses on 
the impact of clouds, particularly in the lower atmosphere, in iiifluencing the 
formation and the distribution of nitrophenols. 
Clouds may be present in the atmosphere for only a few minutes, in the case of 
precipitating rain drops, to a - few hours for cloud droplets or fog. A moderately 
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dense cloud contains approximately 3 xl 0 cm3 of water per cm 3 of air which 
corresponds to approximately 2x 1 0 cm 2 of water surface area per cm 3 of air, 
assuming monodispersed droplets of 10 J.Lm in diameter. Although this volume 
fraction represents a fairly small value, clouds have a major influence on the 
atmosphere. Clouds absorb incoming radiation, thereby altering the photochemistry 
in the atmosphere and the albedo of the Earth. They can absorb soluble trace 
components from the atmosphere and redistribute them in both the vertical and 
horizontal planes. Clouds may either remove species from the atmosphere through 
precipitation or form new compounds through heterogeneous reactions which would 
otherwise not take place in clear air. 
Clouds are formed when a parcel of air is cooled until the water vapour that it 
contains condenses to liquid form. However, in the atmosphere clouds can form at 
relative humidities of less than 100 %. This is due to the presence of hygroscopic 
particulates (0.1 - 2 .tm in radius) otherwise known as cloud condensation nuclei 
(CCN). Major sources of CCN include dust and sulphate particles from volcanic 
eruptions, sea salt particles, soot and dust from wildfires, as well as particulates from 
motor vehicle emissions and industrial activity. In addition to the importance of their 
role in droplet formation, the scavenging of CNN followed by precipitation acts as an 
important route by which aerosol particles are removed from the atmosphere. 
However, in the case of non-precipitating clouds, evaporation of water from the 
cloud droplet leads to the reintroduction of the aerosol particle back into the 
atmosphere. 
The chemical composition of the liquid phase of cloud droplets is a combination of 
the soluble species contained in the CCN aerosol particles on which cloud droplets 
grew and the trace gases absorbed from the surrounding air. The different species 
present in cloud droplets can eventually react to form new products. These new 
species may remain in the liquid phase or be lost to the gas phase. As a result, the 
processing of chemical compounds in liquid water droplets influences both the 
chemical composition of the tropospheric gas phase as well as that of the cloud 
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droplet. A proper description of liquid phase chemical processes is therefore 
necessary to assess the role of clouds in the atmosphere. 
The most studied of all the heterogeneous processes that occur in the troposphere is 
the oxidation of SO2 to sulphuric acid. This conversion was studied largely due to 
the need to quantify the rate of sulphuric acid formation in the fight against acid rain. 
Intense interest in acid rain deposition during the early 1980's led to the realisation 
that gas-phase homogeneous oxidation of industrially emitted SO2 to H2SO4 could 
not proceed fast enough to explain the rates of conversion and acid deposition 
observed in the atmosphere. Several modelling studies have predicted that liquid 
phase oxidation of SO2 in cloud droplets could explain the observed SO2 oxidation 
and H2SO4 deposition rates (Chameides, 1984; Tremblay and Leighton, 1984; 
Walcek and Taylor, 1986). To add weight to this theory, sulphur (IV) oxidation 
reactions have been shown to occur at a much faster rate in clouds than in the clear 
air (Langner and Rodhe, 1991). Liquid phase oxidation is thought mainly to occur 
by F1202 and other peroxides or by ozone (Gervat etal., 1988; Hoffhmnn, 1986). 
The underlying aim of atmospheric chemists is to be in a position such that it is 
possible to explain and predict the chemical and physical processes which occur in 
the atmosphere. It is acknowledged that clouds play an important part in the physical 
and chemical processes in the troposphere and must therefore be taken into 
consideration (Baker, 1997). 
Work contained in this thesis is focused on the role of clouds in the troposphere with 
particular interest in the nitration of phenols. As a result, the remainder of this 
chapter concentrates on the physical process of phase transfer of trace species 
between the gas and the liquid phase. Finally in this chapter, some of the 
experimental techniques used in heterogeneous chemistry are introduced. 
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2.2 Theory 
The equilibrium partitioning of trace species between the gas and liquid phases is 
described by the Henry's Law coefficient for that particular compound. Knowledge 
of gas / liquid partitioning not only predicts the concentration ratio at equilibrium but 
can also be used in deriving the direction and rate of transfer for systems evolving 
towards equilibrium. Such data are needed for modelling the environmental fate of 
pollutants as well as for the development of strategies such as those for wastewater 
treatment. 
There are, however, limitations to the use of Henry's Law to atmospheric 
applications. Reactions may occur so fast in the liquid phase that equilibrium is 
never attained with the gas phase. Clearly the uptake of a trace gas into a liquid 
droplet involves a number of transport and kinetic steps. These include: 
• 	Diffusion of the gas phase molecule to the surface of the droplet. 
• 	Incorporation of the molecule at the interfacial region. 
• 	Evaporation from the interfacial region. 
• 	Diffusion into the liquid bulk. 
• 	Reaction in the liquid phase. 
The process of gas uptake and the kinetic steps which it entails are dealt with in the 
rest of this chapter. There are several model approaches in the literature which allow 
a quantitative treatment of the process (Davidovits etal., 1995; Liss and Slater, 1974; 
Prausnitz et al., 1986). Of these, the focus here is on the so-called "Resistance 
Model" of gas uptake. 
2.3 Henry's Law coefficient 
A major consideration in describing the mass transport and chemical kinetics of 
gas-liquid reactions is the equilibrium distribution of a particular chemical compound 
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between the gas and liquid phases (Staudinger and Roberts, 1996; Staudinger and 
Roberts, 2001). For dilute solutions the distribution of a gas between the two phases 
is given by Henry's Law which states that the equilibrium concentration of a gas 
dissolved in a liquid is proportional to the partial pressure of the gas (Equation 2.4). 
H. = 	 (2.4) 
p1 
where the parameters are defined by self consistent units, such as: 
H1 	is the Henry's Law coefficient for species i / M atm
I- 
[fl aq 	is the concentration of species i in solution I M. 
p, 	is the partial pressure of species ii atm. 
Various equations for defining the Henry's Law coefficient have been presented in 
the literature (Staudinger and Roberts, 1996). This has resulted in derivations of 
Henry's Law coefficient with a wide variety of dimensional units as well as 
non-dimensional forms. Consequently care should be exercised when using Henry's 
Law coefficients from the literature. Modem scientific convention expresses the 
Henry's Law coefficient as a ratio of the concentration of a solute to its concentration 
in the gas phase. This yields the Henry's Law coefficient with unitsof M atm 1 as 
shown above (Equation 2.4). Henry's Law coefficients defmed in this way represent 
solubilities; sometimes an inverse definition is used instead, representing the 
volatility of a species. 
To complicate matters further, in the engineering literature the Henry's Law 
coefficient is often expressed as a simple ratio, between the aqueous phase 
concentration and the gas phase concentration. Provided similar units are used to 
describe the concentrations of the species in the liquid and the gas, this gives the 
Henry's Law coefficient as a dimensionless parameter (Equation 2.5). 
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H, = [
flaq 	 (2.5) 
EI gas 
where the parameters are defined by self consistent units, such as: 
H1 	is the Henry's Law coefficient for species i / dimensionless. 
[i], is the concentration of species i in solution / M. 
[i]gas is the concentration of species i in the gas / M. 
In order to avoid this complication, the Henry's Law coefficient is expressed with 
units of M atm' throughout this thesis. 
The Henry's Law coefficient may be used to estimate the degree of partitioning of 
pollutants, such as phenols, between the gas-phase and cloud water. This is of 
importance in describing the distribution of the pollutants in the environment, and 
may be used to model the environmental fate of a particular chemical (Leuenberger 
et al., 1985). Such models may be applied, for example, to estimate: 
volatilisation of pesticides into the air from contaminated soil, surface 
or ground water. 
• 	partitioning of pollutants from the air into rain, cloud or fog-water. 
• 	absorption of species into the alveoli of the lung. 
Calculations of environmental fate in general, and atmospheric modelling in 
particular, rely heavily on the availability of thermodynamic and kinetic data. 
Experimental data are often scarce so that only estimates of Henry's law coefficients 
are available. Frequently these estimates are very diverse. Despite the 
acknowledged polluting potential of phenol, o-cresol (2-methyiphenol) and 
2-nitrophenol, there has been extremely poor agreement in the literature of their 
Henry's law values and, in particular, no apparent systematic measurement of the 
variation with temperature. Data for the Henry's Law coefficient for phenol has been 
collated from the literature and is displayed in Table 2.1. 
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Table 2.1 Literature values for the Henry's Law coefficient for phenol, and its 









278 9207 (expt.) 
3858 (calc.)  
(LUttke and Levsen, 1997) 
283 430 (Heal et al., 1995) 
770 (Werner et al., 1987) 
4949 (Dohnal and Fenclova, 1995) 
293 227 3600 (Janini and Qaddora, 1986) 
1558 (Trempeta/., 1993) 
2188 (SawyeretaL, 1994) 
2800 7300 (USEPA, 1982b) 
298 > 422 (Altschuh et aL, 1999) 
490 (Hine and Weimar, 1965) 
769 (Reible, 1999) 
1317 (Yaws, 1999) 
1948 (Leuenberger et al., 1985) 
2203 (Mabey et al., 1982) 
2455 (Schwarzenbach et al., 1993) 
2528 (Verschueren, 1996) 
2900 6800 (Parsons et al., 1971) 
3000 (GafThey et al., 1987) 
3003 (Howard and Meylan, 1997) 
3007 (Staudinger and Roberts, 1996) 
5447 (Thibodeaux, 2002) 
It is clear from the results shown in Table 2.1 that there is lack of consistency in the 
data, in particular with regards to temperature dependence. For three out of the four 
temperatures reported, at each temperature the values stated for Henry's Law 
coefficient vary by more than a factor of ten. Furthermore, as discussed later in the 
chapter, it is generally acknowledged that H will decrease as the temperature is 
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increased; there appears to be little conclusive evidence for this from the data shown 
in Table 2.1. Only three studies were made into the temperature dependence of H, 
those by the USEPA (1982), Janini and Qaddora (1986) and by Parsons et al. (1971). 
Of these there seems to be an element of consistency between the data obtained by 
Parsons and co-workers and the USEPA. However, these values lie at the higher end 
of the range of H reported and are considerably higher than the values reported by a 
great many, more recent, studies. 
In addition to the lack of reliable experimental data, there are complications which 
need to be considered regarding the use of Henry's Law in atmospheric applications. 
As it is a fundamental equilibrium constant, Henry's Law coefficient is affected by 
parameters such as temperature and ionic strength. This is of importance to both the 
reporting of Henry's Law coefficient and its use, such as in chemical kinetic 
mechanisms which model the atmosphere. 
2.3.1 Effect of Temperature 
The partitioning of a substance between gas and liquid is expected to demonstrate 
significant temperature dependence (Staudinger and Roberts, 2001). As it is an 
equilibrium coefficient, values for Henry's Law may be modelled over an ambient 
temperature range by the van't Hoff equation for equilibrium coefficient (Atkins, 





H 	is the Henry's Law coefficient / M atnf'. 
T is temperature / K. 
R 	is the universal gas constant / J molT' K* 
AR° is the enthalpy of phase change / J molT'. 
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Over a relatively small temperature range, the enthalpy of phase change, AU° 
depends only weakly on temperature, and can be considered constant. Therefore 
with a view to determining H at another temperature, integration of Equation 2.6 
gives the expression: 
(HT, 	4H0(1 1 
lni—= — 	I —  -- —). 
H1 ) 	R T 2 T1 
This may be rearranged to give Equation 2.8 which may be used to predict the 
Henry's law coefficient at one temperature if it is known at another. 
1 [ 	( '1 HT = H1 exPL_ 
zJ RH 
JjE - i fJj 	
(2.8) 
In thermodynamic terms, the Henry's Law coefficient is the equilibrium coefficient 
corresponding to the hypothetical process of transferring a solute from the pure ideal 
gas state to a liquid state at infinite dilution in the solvent (water). Therefore, using 
the relationship between an equilibrium coefficient and the standard Gibbs free 
energy for the forward reaction of the equilibrium, AG°, it follows that: 
InH 
	LH° 
RT RT R 
(2.9) 
where AL! ° and &S'° are the standard enthalpy and entropy changes, respectively, of 
the Henry's Law partitioning from gas to liquid. A plot of In H against 	gives a 
All0 	
. 
straight line with a slope of - 
R 
and an mtercept of —i-. Note that the above 
expression assumes that AR ° and i\S° depend only weakly on T over a relatively 
small temperature range. 
(2.7) 
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The Henry's law coefficient generally increases in value as the temperature 
decreases, reflecting the greater aqueous solubility at lower temperatures (Seinfeld 
and Pandis, 1998). An increase in Henry's Law coefficient is considered to be 
typically of the order of a factor of two for a 10 K decrease in temperature over an 
ambient temperature range. However, studies by Staudinger and Roberts (2001) into 
the temperature dependence, encompassing over two hundred organic compounds, 
reported an increase in H of between 12 % and 255 % per 10 K decrease in 
temperature. Although the average increase equates to a factor of 1.88, and 
compares favourably with the "rule of thumb" factor of 2, the wide range of values 
reported suggest that this is approximation is not always valid. Indeed if the average 
value were to be taken, serious errors would be incurred for the majority of species in 
the study. This highlights the importance of deriving the Henry's Law coefficient for 
each compound of interest over a range of temperatures so that precise temperature 
dependent expressions for every compound may be calculated. 
2.3.2 Effect of Dissociation and pH 
Henry's Law applies to the physical solubility of gases. However, in some cases the 
effective solubility is enhanced by chemical equilibria that occur in the liquid phase. 




This is a reversible process for which the equilibrium constant, Ka, for the proton 
transfer reaction is given by (writing H for H30): 
K  a[] (2.11) 
Taking negative logarithms on both sides gives: 
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[w1A] —logK =—log 	 or 
[HA] 
PKa  =pH—log [A-] (2.12) 
[HA] 
Since only the non-dissociated species are specified by Henry's Law coefficient, 
there will be an effective Henry's Law coefficient, H*I-(Jt, which describes the total 
capacity of the aqueous phase to hold both the dissociated and undissociated forms 
(Equation 2.13). 




In this case [HA] is the sum of the concentration for both the dissociated and 
undissociated forms of HA in water. This may be written: 
H 	
[HA]+[A] [HA][] 	 (2.14) 
	
PHA 	PHA PHA 
Substituting [A-] = [HA]K a from Equation 2.11 yields: 
[W] 
• 	[HA] [HA]Ka 
H= 	+ 	 (2.15) 
p p[H] 
Replacing & a with H, the true Henry's Law coefficient, gives: 
PHA 
HHA = HHA + 
HpK 
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But pKa -log K. and pH=-log [1-1k] which may be written as K,, =I o- 	and 
[H] =1 0" respectively. Substituting these two expressions into Equation 2.16 
gives the fmal expression: 
H'HA = H(1+l0') 
	
(2.17) 
In this way Equation 2.17 may be used to derive a value for an effective Henry's 
law coefficient for a substance with a known H and Ka. While atmospheric liquid 
water in clean conditions exhibits a pH of close to 5.6, the pH of cloud water is 
typically less than 4.5 and may fall as low as 2.3 (Cape, 1993). Therefore, assuming 
a pH of 5, only compounds with a pKa  less than 6 will have a value of 
H* 
significantly (> 10 %) higher than that of the true Henry's Law coefficient 
(Schwarzenbach etal., 1988; Staudmger and Roberts, 1996). 
2.3.3 Effect of Hydrolysis 
In addition to compounds undergoing dissociation in the liquid phase, hydrolysis 
reactions may also occur. The term "hydrolysis" refers to the reaction of an organic 
chemical (RX) with water with the net exchange of the group X for the OH group 




This type of reaction is common for aldehydes which react with water in a reversible 
fashion to yield a diol. An example of this is formaldehyde (see Equation 2.19) 
which is almost completely hydrated in aqueous solution (Betterton and Hoffmann, 
1988). 
HCHO +1120 H2C(OH)2 
	 (2.19) 
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Hydrolysis reactions tend to occur in dilute solution where the water is in large 
excess and may be regarded as essentially constant during the process. Hence the 
kinetics of hydrolysis is pseudo-first-order at a fixed pH. The generic equilibrium 





It is clear that the species formed through hydrolysis will have different properties 
from the original compound itself, which will have an affect upon the partitioning. 
However, this is exactly the same scenario as described for the case of dissociation 
and an effective Henry's Law coefficient, H*, may be described in a similar fashion. 
* 	[RxT 	 (2.21) Hpx 
PRX 
In this case H*RX is the effective Henry's Law coefficient for the species RX and is 
described by [RX] taq, the concentration of the total amount of RX and ROH in water. 
This may be written as: 
HRx = [
RX] + [ROH] = [RX] + [ROH] 	 (2.22) 
PRX 	PRXPRX 
Substituting [ROH] = 
KH  [Rx] 
[H ][X] from 






Replacing 	with H, the true Henry's Law coefficient gives: 
PRX 
(2.23) 
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KR )H*RX 	 (2.24) 
However, KH is often approximated by: 
[R0H] 
KH -  
[Rx] 
(2.25) 
This simplifies the substitution from Equation 2.22 to Equation 2.24 to give: 
Hpx =H(1+KH ) 
	
(2.26) 
In this way Equations 2.24 and 2.26 may be used to derive a value for an effective 
Henry's law coefficient for a substance with a known H and KH.  As in the case of 
dissociation, the effective if for hydrolysis will be higher than the true Henry's Law 
coefficient. This is due to removal of the RX from the liquid phase combined with 
the production of a species that is more soluble in water. The hydrolysis reaction can 
be catalysed through acidic and basic species including H and Oil (known as 
specific acid catalysis and specific base catalysis respectively). As a result, pH will 
also have an effect on the extent that these hydrolysis reactions play in modifying the 
true Henry's Law coefficient. 
2.3.4 Effect of Concentration 
The equilibrium partitioning of a species may be characterised by equating the 
fugacities,f andfg  of the aqueous and gas phases respectively (Benes and Dobnal, 
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where the term fugacity has been introduced as an effective pressure. This can be 
related to the mole fractions, x and y, in the liquid and gas phases (Rathbun, 2000; 
Suntio et al., 1988): 




x, 	is the mole fraction of species i in the liquid phase. 
Yi 	is the activity coefficient of species i in the liquid phase. 
p, is the vapour pressure of the pure liquid solute i / atm. 
y• 	is the mole fraction of species i in the gas phase. 
qf', 	is the fugacity coefficient of species i in the vapour phase. 
,T is the total system pressure / atm. 
For an ideal solution this may be simplified using the following assumptions (Logan, 
1999; Mackay etal., 1979; Suntio etal., 1988): 
• 	As p" is relatively low ('-1 atm) for typical environmental conditions, 
q$ may be assumed to be unity for non-associating solutes. 
• 	yisequaltol. 
These simplify Equation 2.28 to give: 
* 	T 
xli, i=ylp (2.29) 
However, Raoult's law also states that the vapour pressure of a gas over a solution is 
equal to the product of the vapour pressure of the pure compound and its mole 
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This may ultimately be introduced into the expression for Henry's Law which is 
reiterated below: 
H,= ilk 	 (2.31) 
where: 
H, 	is Henry's Law coefficient for species i. 
[ilaq is the concentration of species i in solution / M. 
p 	is the partial pressure of species i / atm. 
The concentration of the liquid may be expressed using the mole fraction, x•, and the 






The molar volume of the solvent Vm (L mol) may in turn be replaced by the molar 
mass, M(g mo1 1 ) and the density of the solvent, p(g L'). 
x i 
( MP ) (2.33) 
pa 
Substituting in xap,  in place ofpi from Equation 2.30 gives: 
xi 
IM') 
H,=' 	 (2.34) 
xi p i 
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which may be rearranged to give the final expression: 
H' 
= 	 (2.35) 
Mp1 
However, Henry's Law coefficient is only defined for dilute solutions. This is 








' I  
1 
Mole fraction, x. 
Figure 2.1 Schematic highlighting the Raoult's Law and Henry's Law 
behaviours of a chemical as a function of its mole fraction. 
When a component (the solvent) is nearly pure, it has a vapour pressure that is 
proportional to mole fraction with a slope p (Raoult's Law). However, when it is 
the minor component (the solute) its vapour pressure is still proportional to the mole 
fraction but is described in this case by its Henry's Law coefficient. This is due to 
solute-solvent interactions as opposed to the solvent-solvent interactions only found 
in pure substances. The deviation from the ideal case is taken into account by 
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This equation indicates that while 71  remains constant, the value for Henry's Law 
coefficient remain constant. For dilute concentrations, such as those typically 
present in the environment, it is assumed that y  does not vary considerably with 
concentration. In general, for non-ionizing compounds, y, approaches a limiting 
value, y, as xi decreases i.e. as the solutions becomes increasingly dilute ("infinite 
dilution"). This may be written (Staudinger and Roberts, 1996): 
y 1 exp[(iny 1 1 - x1 j 	 (2.37) 
where: 
is the infinite dilution coefficient. 
From this it may be deduced that for small x (<0.01) y,will be independent of x 1 and 
may be approximated by y'  This assumption is thought to hold for aqueous 
solutions usually encountered in environmental surroundings. Equation 2.36 may 
now be rewritten as: 
My 1 
	 (2.38) 
This shows that the Henry's law coefficient may be derived from the infinite dilution 
activity coefficient, 	and the vapour pressure of the substance of interest. 
From Equation 2.38 it can be seen that if the concentration of solute were to be 
raised sufficiently to induce a change in y, this would have the effect of increasing 
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the value of the Henry's Law coefficient. However, organic compounds of 
atmospheric interest are often only slightly soluble in water such that, at the 
saturation concentration, the solute is still unhindered by other solute molecules. 
This view has been supported by a number of studies which have shown that, for 
dilute solutions, the Henry's Law coefficient remains largely independent of 
concentration. Tucker and Christian (1979) measured the Henry's Law coefficient 
for benzene over the concentration range lxi 0 mole fraction to 3 xl O mole 
fraction. From these measurements they derived a value of H under saturation 
conditions which was only 4 % higher than the true Henry's Law coefficient 
measured at dilute concentrations. Other studies by Przyjazny et al. (1983) into the 
Henry's Law coefficients of organosuiphur and trihalomethanes, over the 
concentration ranges 0.1 to 10 mg U' and 0.01 to 1 mg U' respectively, failed to 
observe any concentration effects. These results were reinforced by studies by Munz 
and Roberts (1986) using halogenated hydrocarbons over the concentration range 
8 to 8000 mg U', and by Bissonette et al. (1990) using trichioroethylene over the 
concentration range 0.01 to 10 mg U 1 . 
However, all these studies used relatively nonpolar species which exhibit 
hydrophobic properties. Therefore conclusive statements regarding the concentration 
dependence for all compounds in water are difficult to make, in particular for 
compounds which display more hydrophilic tendencies. Nonetheless it is thought 
that significant deviations in H would only occur at relatively high concentrations of 
the order of 10,000 mg U'. This led Prausmtz et al. (1986) to suggest an upper limit 
of 0.03 mol fraction at which solute-solute interactions can no longer be neglected. 
However, the fact that for slightly soluble compounds saturated solutions behave 
only marginally differently from dilute solutions has led to a widely used 
approximation for H: 
H. = --- 	 (239) 
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where: 
Si 	is the saturation concentration I M. 
is the vapour pressure of the pure compound / atm. 
If the solubility of water in the species of interest is sufficiently small (less than 5 % 
mol) its effect on the vapour pressure will be negligible (Suntio et al., 1988). This 
relationship may be used to derive a value for Henry's Law coefficient. However, if 
water is appreciably soluble in the chemical the expression becomes invalid, because 
the water-saturated chemical exerts a different fugacity than the pure species. Ways 
in which Hmay be obtained are discussed more fully in Section 2.5.1. 
2.3.5 Effect of Salt 
Dissolved inorganic salts are known to affect the Henry's Law coefficient by altering 
the fugacity of a compound in the liquid phase. The solubility of a gas in a salt 
solution is less than that in pure water which in turn has the effect of lowering the 
Henry's Law coefficient (Pawlikowski and Prausnitz, 1983). This effect is 
commonly referred to as "salting-out" (De Bruyn et al., 1995) and may be 
approximated with the Setchenow equation (McDevitt and Long, 1952): 
H 
log— = k [salt] 	 (2.40) 
H 
where: 
H 	is the Henry's Law coefficient in pure water / M atm 1 . 
H5 	is the Henry's Law coefficient in salt solution / M atm 1 . 
[salt] is the concentration of the ionic solution / M. 
ks 	is the Setchenow salt-out coefficient / M. 
This may be an important factor when considering the partitioning of species in 
saline environments such as at the surface of the sea, salt-water lakes and brines. 
Measurements in seawater, which has a typical salt concentration of approximately 
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0.5 M, have shown that the solubility of gases may fall to 71 - 89 % when compared 
with pure water (Mackay and Shiu, 1984). It is clear that including the Setchenow 
coefficient is necessary when modelling concentrated solutions such as sulphate or 
sea-salt aerosols. However, literature data are sparse with Setchenow coefficients 
only having been determined for a few gases (De Bruyn et al., 1995). 
2.3.6 Other Factors 
While the last five sections have drawn attention to some of the scenarios in which 
Henry's Law coefficient may diverge from that which may have been reported, it is 
not surprising that a number of more complex scenarios exist. These may include the 
presence of suspended solids, dissolved organic matter and surfactants (Anderson, 
1992) as well as multi-component systems (Munz and Roberts, 1986) which consider 
the effect of co-solvents and co-solutes. 
2.3.7 Concluding Remarks 
It has been shown that the equilibrium partitioning of a species between water and air 
is described by its Henry's law coefficient. However, it is evident that there are a 
number of factors which affect the values for Henry's Law coefficient, of which 
temperature appears to dominate. When using H to describe the partitioning of a 
species in the environment, deviations from standard laboratory values are to be 
expected due to the complex nature of the sample matrix. It is evident from 
Table 2.1 that reliable measurements of Henry's Law coefficient are sparse with 
many being estimated from pressure and solubility data. Values reported for H often 
vary by several orders of magnitude and are often quoted without an indication of the 
temperature at all. Before more complicated scenarios can be explored, it is first 
necessary to established reliable Henry's Law coefficient across a range of 
temperatures relevant to tropospheric conditions. Methods for the experimental 
determination of Henry's Law coefficient are discussed in Section 2.5.1. 
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2.4 Gas Uptake into the Liquid Phase 
Henry's Law coefficient describes the partitioning of species between the gas and 
liquid phases at equilibrium. In contrast, the uptake of a gas phase species into the 
liquid phase is a process which occurs when the gas and liquid phases are not in 
equilibrium. This so-called "mass transfer" involves a range of transport and kinetic 
processes (Figure 2.2) that combine to determine the rates of gas uptake and 
chemical conversion on or in droplets (Molina et aL, 1996). Gas phase molecules are 
transported to the surface boundary by diffusion. Once at the interface, only a 
portion of the gas molecules will enter the liquid phase whereas others evaporate 
immediately back into the gas phase. This process is defined by a and is often called 
the "sticking" or mass accommodation coefficient. Once in the liquid phase, the 
molecule may either diffuse into the bulk or undergo reactions with other species 
contained within the aqueous phase. The rate of uptake is subsequently analysed and 
interpreted in terms of the contributing rate processes outlined above which are now 
explained in more detail. 
GAS PHASE 	iNTERFACE CONDENSED PHASE 
7 diffusion 	 diffusion 
accommodation 	 solubility 
. 	- 
evaporation \ 	 reaction 
\ 
Figure 2.2 Schematic of gas uptake by a liquid droplet. 
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2.4.1 Mass Accommodation 
The mass accommodation coefficient, a, is the fundamental parameter that measures 
the rate at which molecules cross the interface between the gas and liquid phases. It 
is defined as the fraction of collisions between a gas-phase species and the 
gas / liquid interface that result in transport into the condensed phase. Thus a 
represents the transport in one direction (gas to liquid) and may have values of 
between 0 and 1. 
a number of gas molecules entering the condensed phase in Unit time (2.41) 
number of gas molecules striking the interface in unit time 
The magnitude of a determines the maximum rate of mass transport across the 
interface. However, a is often not the rate-limiting parameter for the heterogeneous 
process because a is a measure of gas transport in one direction across the interface 
whereas heterogeneous processes depend on the net transport which is often much 
smaller. 
The overall net gas uptake is described by the uptake coefficient, '. This is a 
dimensionless parameter and is defined in a similar way to a. 
= number of gas molecules removed by the condensed phase in unit time (2.42) 
number of gas molecules striking the interface in unit time 
The distinction between a and y is important. Only if all the other processes 
involved in mass transfer are fast compared with the transport across the interface, 
will the net gas uptake, y, approach a. Conversely, at equilibrium, a is balanced by 
an equal rate of desorption and ywill equal zero. Because of this, a is always the 
upperlimitforc i.e. a ~!y. 
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The mass accommodation coefficient, a, determines the maximum flux, J,,, of 




J. is the maximum flux from the gas to the liquid phase / molecules cm 2 
s_I . 
a 	is the mass accommodation coefficient. 
[M]gas is the concentration of the trace gas / molecules cm
3 . 
is the trace gas average thermal velocity / cm s. 
However, as highlighted above, Equation 2.43 is the maximum flux which depends 
on the magnitude given to a. As a may never be reached under atmospheric 
conditions due to other limiting factors, such as the loss through evaporation of the 
molecule back to the gas phase, the overall net gas uptake may be written as a 
function of y (Worsnop et al., 1989). 
- 
net - (2.44) 
The net gas uptake of a species, defined by y, is dependent on a number of kinetic 
processes, one of which is a. One key point is to determine when the gas uptake is 
limited by a and when 7  is limited by other factors. For tropospheric conditions, 
Schwartz (1986) has shown that for small values of a (a :!!~ 10.2) the interfacial mass 
transfer across the interface is the limiting factor in the uptake of gas phase species. 
At larger values of a (a ~! 0.1), the process is controlled by gas phase diffusion rather 
than by mass accommodation. In these situations yis both independent of, and much 
smaller than a. In order to understand and describe the mass transport process more 
fully a number of models have been formulated. 
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2.4.2 The Resistance Model 
A simple resistance model based on an electrical circuit analogy (shown in 
Figure 2.3) is commonly used to describe the different processes that determine trace 
gas uptake by a droplet. The overall rate of uptake of a trace gas onto a fluid is 
expressed by the overall uptake coefficient, j',  which includes contributions from 
different processes such as gas diffusion, mass accommodation, re-evaporation, 
reaction in the liquid bulk and dissolution. Due to the interactions between these 
processes, gas-liquid uptake is described by coupled differential equations. Only for 
limited cases can exact solutions be found (Danckwerts, 1951). The resistance 
model is based on the assumption that each of these processes can be decoupled and 







REACTION (F 1 1 
I-.rxn 
Figure 2.3 The resistance model of gas uptake. 
J, r01 and F. represent the dimensionless conductances for gas diffusion, Henry's 
Law saturation and liquid phase reaction, respectively (Schwarzenbach et al., 1988). 
These quantities are normalised transfer rates rather than probabilities, and can have 
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values larger than unity.. The resistances to uptake are the inverse of the 
conductances. 
The total overall resistance to gas uptake, 	is therefore considered to be the sum of 
the resistances for each process (Equation 2.45) where the total liquid phase 
resistance is expressed as 	 . 	The resistance model is a useful 
''soI + F. 




Y Pg a 
(2.45) 
is the overall gas uptake resistance. 
V 
is the gas transport resistance. 
-- 	is the surface accommodation resistance. 
is the liquid solubility resistance. 
is the liquid phase reaction resistance. 
When T o,, r, and Pg  are large, the measured uptake, y, approaches a, whereas at 
equilibrium no net uptake occurs because a is balanced by an equal rate of 
desorption. While a may be calculated from measurements of uptake coefficients if 
all the other coefficients are known, this is usually not feasible. However, it is 
possible to determine a by making the interfacial transfer process the rate 
determining step in experiments. This may be achieved by working at reduced 
pressures or by allowing only short contact times between the gas and the liquid. 
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The resistances for gas transport, liquid solubility and liquid phase reaction may be 
expressed explicitly using gas-kinetic theory (Kolb et al., 1995; Molina et al., 1996) 
and are discussed below. 
Gas Diffusion 
Gas diffusion of the trace gas towards the interface is often reduced from its 
maximum value, the Boltzmann gas kinetic flux given by Equation 2.46 due to the 




is the mean molecular velocity / cm 
d 	is the sphere diameter of the droplet / cm. 
Dg 	is the gas diffusion coefficient / cm 2 s 1 . 
As a result, the gas transport resistance, 	to a spherical droplet is approximated 
1-9 
by the expression: 
1 	codl 	 (2.47) 
Fg 8Dg 2 
As defmed here, 	is given by the sum of two terms. The first term is obtained 
FO 
from the steady state solution for gas phase diffusion to a sphere of diameter, d, 
appropriate for the liquid droplets (Schwartz, 1986). This accounts for the gradient 
in gas concentration required to transport a given flux of gas. The second (-1/2) 
term, derived by Motz and Wise (1960), is applicable when the gas uptake distorts 
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the equilibrium Boltzmann distribution for gas molecules in the proximity of the 
interface. 
Solubility 
As highlighted in Figure 2.3, the overall liquid transfer resistance includes both the 
liquid solubility and the liquid reactiOn resistances. In the absence of any liquid 
reaction, solubility determines the overall liquid transfer resistance. As a result, for 
many trace gases which are only slightly soluble, the overall capacity of the liquid 
phase to absorb gas is often limited by its solubility in water. In this case, the net 
rate of uptake slows down markedly with time owing to the re-evaporation of 
molecules which were originally taken up into the liquid phase. At longer contact 
times the net uptake is zero as equilibrium between liquid and gas will be reached 
and the fluxes due to accommodation and evaporation become equal. The approach 
to saturation in the liquid phase is described by the solubiity resistance (Jayne et al., 
1991): 
where: 
1 - 	I/2 CO 
4 H R T \1D 1 
(2.48) 
• is the mean molecular velocity / cm s'. 
H 	is the Henry's law coefficient / M atm'. 
R is the gas constant / L atm mor' K'. 
T 	is the temperature / K. 
r is the liquid-gas contact time / s. 
D, 	is the liquid diffusion coefficient / cm 2 s'. 
This equation assumes that the surface of the condensed phase is thicker than the 
value of'-- (D,t) 1 '2 (Molina etal., 1996). 
M.A.J.Harrison 	 - 	 52 
Chapter 2 	 Heterogeneous Chemistiy in the Atmosphere 
Liquid Reaction 
When the dissolved gas irreversibly reacts in the liquid phase, the liquid transfer is 
dominated by the reactive uptake coefficient r. The liquid reaction resistance, 
may be defmed as follows (Danckwerts, 1951): 
CO 
F J 4HRT(D L k' 2 
(2.49) 
where k is the first order rate constant for the reaction in the liquid phase. In the 
case of a bimolecular reaction in solution, k, may be expressed as: 
k = k"[i] 
	
(2.50) 
where k" is the second-order rate coefficient (L mo! 1 ) and [1] is the concentration 
of reactant in solution (mol U'). 
Reactive uptake occurs in a surface layer with a depth given by (D1Ik) 1 '2 . For 
Equation 2.50 to be valid, the condensed phase must be thicker than (D,/k) 1/2 . 
2.5 Experimental Techniques in Heterogeneous Chemistry 
In order to understand heterogeneous processes more fully it is necessary to first 
measure, and to subsequently model, the uptake of trace gases into liquid droplets 
(Davidovits et al., 1995). The uptake of a gas into the liquid phase consists of a 
sequence of steps namely: diffusion of the gas to the liquid surface, transport across 
the interface, and finally diffusion and reaction within the liquid (Molina et al., 
1996). 
M.A.J.Harrison 	 53 
Chapter 2 	 Heterogeneous Chemistiy in the Atmosphere 
In principle, the procedure for studying gas I liquid interactions is simple. The gas 
molecules are brought into contact with the liquid and after a controlled period of 
gas-liquid interaction time, the amount of gas that enters the liquid is determined. 
The non-trivial challenge in gas / liquid interaction studies is to design techniques 
which allow the deconvolution of the several processes involved in the overall 
uptake of the gas. 
In recent years, due to the growing importance attributed to the heterogeneous 
processes which may occur in clouds and other condensed matter, a number of 
experimental methods have been developed to characterise the transfer kinetics at the 
air / water interface (Koib et al., 1995). 
However, while it is important to elucidate the kinetics involved with mass transfer 
between the gas and liquid phase, heterogeneous processes are by definition 
inextricably linked with the chemistry of both the gas and liquid phases. Panels 
appointed by the National Aeronautics and Space Administration (NASA) and the 
international Union of Pure and Applied Chemistry (JUPAC) regularly recommend 
kinetic and photochemical parameters for use in model simulations of the gas phase. 
However, while there is a great deal of information concerning the kinetics of the gas 
phase, information is lacking with regards to reactions which take place in the liquid 
phase. It has been shown that processes which occur in the condensed phase have 
the capacity to alter both the chemistry and the chemical composition of the 
surrounding gas phase (Monod and Carlier, 1999). In the light of this it is clear that 
the chemistry of the condensed phase is an area which warrants further study. 
To be able to describe the atmospheric processes which are known to occur, it is 
necessary to develop accurate chemical mechanisms (Section 2.5.3). The 
development of such models requires a range of data such as kinetic data obtained 
from lab experiments together with emission and deposition data. Through the 
generation of models it is possible to give an indication of the significance of data 
acquired from various lab studies and to highlight gaps in understanding (Harley and 
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Cass, 1994; Leriche et al., 2000). Finally it is important that the computer models 
are validated against actual measured data from field campaigns. In this way it is 
possible to ensure that models generated using lab based data are adequately 
describing the chemistry of the atmosphere that they were designed to mimic. 
The work presented in this thesis follows the broad strategy employed in atmospheric 
chemistry namely: 
• 	The derivation of a physical parameter required for modelling 
heterogeneous systems, in this case the Henry's Law coefficient, for 
compounds of environmental concern. 
The investigation of liquid phase reactions, in this case the nitration of 
phenol. 
• 	The formulation of a computer model using a combination of the 
results obtained experimentally in this work, together with additional 
data found in the literature, in order to describe the coupled chemical 
reactions and air-water transfer of compounds relevant for the 
nitration of phenol. 
The remainder of this chapter focuses on the experimental techniques involved in the 
three main areas of research highlighted above. 
2.5.1 Techniques for the Determination of Henry's Law coefficient 
Knowledge of the physical properties of a pollutant in the atmosphere is necessary 
for understanding its behaviour in the environment. The equilibrium distribution of a 
compound between air and water, as described by the Henry's Law coefficient, is one 
such fundamental property. A number of experimental and theoretical methods have 
been developed to determine Henry's Law coefficients which are outlined below. 
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Measuring solubiity and vapour pressure 
As previously derived in Section 2.2.1, the Henry's law coefficient can be 
conveniently calculated from the aqueous solubility and vapour pressure of the pure 
compound (Mackay and Shiu, 1981; Yaws et al., 1991): 
H. =-- 	 (2.51) 
1 
where: 
Si 	is the saturation concentration / M. 
p*j is the vapour pressure of the pure compound / atm. 
This may be used provided that the activity coefficient, y,, does not vary appreciably 
with concentration and that the solubility of water in the chemical, and vice versa, is 
so small that it negligibly affects the vapour pressure (Suntio et al., 1988). Care 
must also be taken to ensure that the values refer to the same physical state of i, i.e. 
liquid vapour pressure and solubility, or solid vapour pressure and solubility. 
Occasionally the solubility data refers to that of a solid, while the value for the 
vapour pressure is obtained through extrapolation from higher temperature liquid 
phase data. Furthermore, the technique depends upon the availability and accuracy 
of the values assigned to aqueous solubility and vapour pressure of the species of 
interest. Another drawback of this approach is that it breaks down for chemicals 
which are miscible in water and therefore have no reported solubility. In this 
instance, H must be determined by another method. 
Static partitioning 
In this approach the Henry's Law coefficient is obtained directly by measuring the 
concentration of the species of interest in the gas or liquid phase in a closed system 
under equilibrium conditions. While determining the concentration of both the gas 
and liquid phases allows for a more rigorous mass balance to be performed, H may 
be derived by only measuring the concentration of one phase and indirectly 
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determining the other by means of a mass balance calculation for the system. 
Equilibrium may be attained just once or several times. The multiple equilibrium 
technique (McAulife, 1971) utilises a variable volume vessel, such as a syringe, to 
introduce a known volume of clean air into the system. Once equilibrium has been 
attained the air is expelled from the system and may be analysed. This process may 
be repeated until all the solute in the liquid phase has been exhausted. In this way 
multiple samples of air containing the solute species are generated. It has been 
shown that the error in determining H is reduced with a larger number of 
equilibrations attained (Munz and Roberts, 1986). 
Modifications to the basic principle of static partitioning include the "Equilibrium 
Partitioning in Closed Systems" (EPICS) technique (Lincoff and Gossett, 1984). In 
this method, H is determined by measuring the gas headspace concentration ratios 
from pairs of sealed bottles containing different liquid volumes. The benefit of this 
technique is that relative rather than absolute concentrations are required to derive 
the Henry's Law coefficient. This method may be used in conjunction with 
headspace GC analysis, whereby the samples of different volume are loaded directly 
into headspace vials. 
Dynamic partitioning 
In contrast to the static equilibration partitioning approach described above, dynamic 
partitioning may be used to derive the Henry's Law coefficient under flow 
conditions. It involves the equilibration of a solute between flowing liquid and I or 
gas phases and monitoring the change in concentration of the solute over time. A 
number of different methods have been developed based on this approach, each of 
which is described below. 
The so-called "bubble column" technique developed by Mackay et al. (1979) has 
been widely used to determine Henry's Law coefficients. A solution of the species of 
interest is placed into a glass column in which bubbles of an inert gas are 
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continuously produced at the bottom and slowly rise to the top through the liquid. 
The loss of solute from the liquid phase is measured by UV absorption throughout 
the duration of the experiment. It is assumed that the liquid is well mixed and 
partitioning between the gas and the liquid is established before the bubble exits the 
liquid. 
An advantage of this technique is that a concentration ratio is required to determine 
H and not absolute values. However, Lincoff and Gossett (1984) who advocate the 
EPICS static partitioning technique express their concern with respect to the 
assumptions made for the bubble column method. They point out that if equilibrium 
between the bubble and liquid was not achieved before exiting the liquid, a straight 
line plot of the data would still be produced and a false value would be reported for 
H. Clearly the non-attainment of equilibrium is an issue which should be addressed. 
In this work the data analysis was explicitly extended to allow for the non-attainment 
of equilibrium between liquid and gas phases. 
Other methods of detecting the amount of solute stripped from solution into the gas 
phase have been developed. Jayasinghe et al. (1992) , Dunnivant et al. (1988) and 
Shorter et al. (1995) trapped and analysed the gas exiting the bubble column 
following the stripping process from which they were able to derive H. 
Finally, Kames and Schurath (1995) devised a third approach based upon the bubble 
column technique. To determine the Henry's Law coefficient for peroxyacyl nitrates 
(PANs) they bubbled a stream of air laced with PAN through a sample of pure water. 
After sufficient time had elapsed for the steady state conditions to be reached both 
the water and the gas stream exiting the column were analysed. This proved a 
successful way to determine the Henry's Law coefficient for PANs. 
There have been a number of studies which have used both static and dynamic 
(bubble-column type) methods and have compared the values obtained for H 
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(Ashworth et al., 1988; Sagebiel et al., 1992). For the compounds studied, there 
appeared to be a good agreement between the two systems used. 
A different technique which also demonstrates dynamic partitioning is that 
developed by Dong and Dasgupta (1986). Humidified pure air is passed through a 
microporous PTFE membrane tube immersed in a solution of the species of interest 
of known concentration. With this type of tubing, the aqueous solution is drawn 
through the pores to the inside wall through capillary action. Under constant gas 
flow through the tube, the equilibrium distribution defined by the Henry's Law 
coefficient for the species will be maintained at sufficiently low flow rates. In the 
work reported by Shepson et al. (1996) and Dong and Dasgupta (1986), H was 
derived by trapping and analysing the gas as it exited the tubing. 
Other techniques which have been used to derive Henry's Law coefficient include the 
wetted wall column, fog chamber and horizontal bubble train (Swartz et al., 1997). 
With the wetted wall column method, a thin film of water flows down the inside of a 
vertical column (approximately 2 cm i.d. and 50 cm in length) and is equilibrated 
with a concurrent flow of air. This technique was used by Fendinger et al. (1989; 
1988) who introduced the species of interest in either the aqueous phase or in the gas 
phase depending on the compound studied. The Henry's Law coefficient was 
derived through GC analysis of the aqueous phase. This method proved to yield 
results which were similar to those produced by fog chamber studies (Fendinger et 
al., 1989). Results from the fog chamber studies were obtained by measuring the 
concentrations of the species of interest present in the gas and liquid phases 
following the complete aspiration of the liquid phase. 
Estimation Methods 
The large number of chemicals of environmental concern together with the 
difficulties and cost of determining Henry's Law coefficients by experimental means 
has led scientists to attempt to estimate values for H. Predicted values of Henry's 
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law coefficients are obtained either through calculations which use estimated values 
for vapour pressures and solubilities, or are obtained directly by models based on 
structure and property features. 
Calculations using Estimated Vapour Pressure and Solubility Data 
The former technique is based on the relationship between H and the vapour pressure 
and solubility of a species as mentioned in the previous section (Mackay and Shiu, 
1981). To reiterate: 
H. = -- 	 (2.52) 
1 
where: 
Si 	is the saturation concentration / mol 
11. 
PS. is the vapour pressure of the pure compound / atm. 
This equation may be used in conjunction with estimated values for vapour pressure 
and solubility to obtain an estimate for Henry's Law coefficient. Aqueous solubility 
can be estimated by fragment addition methods (Lyman et al., 1990), or by using one 
of several regression equations which need input parameters like the octanol-water 
partitioning coefficient and the melting point (Lyman et al., 1990). Estimation 
methods for vapour pressure are often attained through modifications of the 
Clausius-Clapeyron equation (Lyman et al., 1990): 
where: 
dlnp1 - AH 
dT 	RT 2 
AH is the molar enthalpy of vaporisation / J mol'. 
R 	is the universal gas constant / J moV' K'. 
T 	is temperature / K. 
(2.53) 
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Many so called "Quantitative Structure-Property Relationship" (QSPR) type models 
have been described in the literature (Bastos et aL, 1988; Dunnivant et al., 1988; 
Hawker, 1989; Hine and Mookerjee, 1975; Leighton and Cab, 1981; Meylan and 
Howard, 1991). These models are based on the premise that the Henry's Law 
coefficient is dependent on a particular property of the structure of the species of 
interest. The chemical compound may be broken down into subunits with specific 
features such as the functional groups. These subunits may be assigned values which 
may then be combined to give an estimate of the Henry's Law coefficient for the 
whole molecule. These descriptors may include molecular weight and volume, 
surface area, number of specific atoms or groups, steric parameters, connectivities 
and various topological parameters. Models are proposed through the evaluation of 
an existing dataset of experimentally derived values for Henry's Law coefficients. It 
is frequently found during validation studies that the proposed model only holds true 
for part of the dataset of compounds on which it was based. Clearly this is far from 
ideal and care should be exercised when applying the model to a different chemical 
species out with the original dataset. 
As highlighted earlier in Section 2.3.1, the Henry's Law coefficient is a strong 
function of temperature. It is a limitation therefore, that the majority of the models, 
apart from those based on the UNIFAC strategy, only generate estimates of H at 
25 °C. UNIFAC is a specific model for calculating activity coefficients, y ', which 
takes into account both the molecular size and shape of a molecule as well as 
possible functional group interactions. Clearly it is beneficial for the purpose of 
modelling studies that the Henry's Law coefficient is available for a range of 
temperatures; in this instance the UNIFAC approach appears to be the most useful 
strategy. 
For some classes of compounds the models may be in very good agreement with 
measured values. However, for other more complex structures there are clearly 
limitations. For example, isomers containing the same functional groups give the 
same descriptor but have different properties (Mackay et al., 1992). Another 
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limitation is that some of the models, such as that by Dunrnvant et al. (1988), may 
only be applied to a small group of chemicals, in this case polychionnated biphenyl 
conjugers. 
Finally, it is also worth noting that the formulation of these models relies heavily 
upon the availability of accurate experimental data. As previously shown in 
Table 2.1, values for H obtained experimentally may be scarce and those which do 
exist may vary considerably between research groups. It appears that regardless of 
how accurate these predicted values of H are thought to be, ultimately it is necessary 
to confirm the results by experimental measurement. 
2.5.2 Techniques for the Study of Liquid Phase reactions 
As highlighted in earlier sections, modelling studies require accurate and reliable 
kinetic data. In recent times such data have become available for the gas phase but 
liquid phase and multiphase modelling requires that similar information is available 
for the liquid phase. The purpose of this section is to briefly describe the way in 
which kinetic data is obtained for liquid phase reactions. 
Kinetic and mechanistic information describing the chemistry of free radicals in 
aqueous solution is mostly obtained by spectroscopic methods. To achieve the 
necessary experimental conditions, the radicals under investigation must first be 
generated. This is commonly achieved through pulse radiolysis or laser flash 
photolysis (EUROTRAC, 1996; Zellner and Herrmann, 1995). 
Pulse radiolysis 
Pulse radiolysis is a technique that has been successfully used to generate radicals 
such as the nitrate (Buxton et al., 1 999b), sulphate (Buxton et al., 1 999a), hydroxyl 
(Buxton et al., 1997) and chlorine radicals (Buxton et al., 1998). Radicals are 
generated by the interaction of ionising radiation with the water molecules present in 
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aqueous solutions (Grimshaw et al., 1994). During the initial step, water molecules 
are either ionised or electronically excited by the interaction with high-energy 
electrons, protons or a-particles. This may be described by: 
1120 4JWVV H2O + & 
	
(2.54) 
1120 WW 1120 
	
(2.55) 
In the instance when Equation 2.54 occurs, the electrons produced will either ionise 
more water molecules or lead to the formation of the hydrated electron e. The 
H20 cation produced will react with another water molecule, leading to the 
formation of OH and H30 as shown in Equation 2.56. 
H2O +1120 —' OH + H30 	 (2.56) 
In the other outcome from the initial step shown in Equation 2.55, an excited water 
molecule is formed. This undergoes fragmentation according to: 
1120 -' H + OH 	 (2.57) 
1120* —'112+0 	 (2.58) 
It is evident that following the initial step, a number of different products may be 
formed, namely: e, H, OH, 112, 0, H202 and H30. The yield of OH may be 
significantly enhanced by adding N20 to the original solution. Through the addition 
of N20, the hydrated electrons formed in Equation 2.54 will be converted into OH 
radicals by the following sequence: 
e + N20 -' N2 + O 
	
(2.59) 
0+H20 —'OH+ OFF 
	
(2.60) 
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Furthermore, using this technique it is also possible to generate other radicals, if 
required, through interconversion reactions. This may be achieved by adding the 




where A = S042 , C032 , C1, Bf, or others. However, to generate the nitrate radical it 
is first necessary to obtain sulphate (VI) radical anions from which the nitrate radical 
may then be generated. 
SO4 + NO3 -' S042 + NO3 
	 (2.62) 
Because of the high initial radical yields achieved by the pulsed radiolysis technique, 
relatively high concentrations of the fmal radical product may still be generated even 
after several interconversion steps. 
Flash Photolysis and Laser Flash Photolysis 
Radical species in aqueous solution may also be generated by the photodissocitation 
of suitable precursor molecules. One way this may be achieved is through 
conventional flash photolysis using broad-band irradiation, mostly in the wavelength 
200 - 300 nm. However, care must be exercised to avoid the unwanted photolysis of 
other species present in the solution. In this respect laser photolysis has a major 
advantage over flash photolysis in that a single wavelength may be selected with 
photon energy to only trigger the photolysis process. 
One example of this process is the production of chlorine atoms (Buxton et al., 
2000). These may be generated by the 248 nm laser photolysis of chioroacetone in 
aqueous solution shown by the equations: 
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CH3COCH2CI + hi' - [CH3COCH2C1}* 	 (2.63) 
[CH3COCH2C1] - CH 3COCH + Cl' 	 (2.64) 
Spectroscopic detection of transients in aqueous solution. 
Detection of the species formed by liquid phase radical reactions is usually achieved 
by IJV-vis absorption spectroscopy. An example of one such experimental design is 
shown in Figure 2.4. In this instance, radicals are generated by the laser flash 
photolysis technique and the reaction is monitored using a mercury lamp as the 
analysing light source. This system may equally be used to monitor reactions in 
which the radicals are generated by pulse radiolysis. 
Thermostated cell 
Figure 2.4 An example of the conventional laser photolysis absorption set-up. 
Lens focal lengths given in mm. 
If the concentration of radicals becomes sufficiently high, radical-radical reactions 
can occur and may even provide the major loss route for the radicals in the liquid 
phase. This situation largely occurs when the reaction vessel is small and the 
reaction of the radicals with the stable substrates is slow. To avoid this problem, the 
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volume of the reaction vessel is normally enlarged to reduce the concentration of 
radical species. As a result, conventional single path absorption experiments often 
fail to achieve the desired sensitivity and a more complex "long path" absorption 
technique is used. This method offers the benefit of allowing the study of slower 
liquid phase reactions while avoiding the problem of radical-radical interactions. 
The long-path absorption technique has been applied to the study of the kinetics of 
the nitrate radical in aqueous solution (I-Ierrmann et al., 1995; Herrmann et al., 
1996). The experimental set-up is shown schematically in Figure 2.5. An eximer 
laser is used to photolyse peroxodisulphate (VI) anions which in the presence of an 
excess of nitrate generates the NO3 radical according to Equation 2.62. A second 
laser (Helium-Neon) is also applied as the analysing light source. A system of 
lenses, prisms and filters is used in order to block the eximer laser radiation from 
reaching the detector. These "long-path" absorption experiments are so called as the 
analysing light is folded many times through the reaction cell by means of two 
mirrors in the configuration as described by White (1942). By increasing the 
distance that the analysing light has to pass through the sample the limit of detection 
is increased. This facilitates the study of the much more dilute samples required for 
the study of slower reactions. Furthermore, it is often used to study nitrate radical 
reactions as the radical is only produced in low concentration due to low yield of the 
initial sulphate (VI) radical. 
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Figure 2.5 Laser photolysis-long path laser absorption apparatus for the study 
of NO3 in aqueous solution. 
2.5.3 Computer Modelling Studies 
The composition and behaviour of the atmosphere is determined by the combination 
of many physical, chemical and biological processes. Many of these processes are 
complicated; they may interact through both simple and more complex feedback 
mechanisms which may be highly non-linear. This complexity makes it necessary to 
develop computer models in order to understand the physical and chemical processes 
that determine the composition of the Earth's atmosphere. This area of research has 
developed significantly over the last decade or two largely due to the increase in the 
computational power of PCs. A computer model must contain sufficient information 
that it can adequately describe the composition of the air mass that it is designed to 
mimic. This requires data regarding the emission, deposition and transport of trace 
constituents as well as the kinetic information necessary to adequately describe the 
chemical and physical processes. 
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Djfferent Types of Computer Model 
Computer models are a useful way in which to describe the processes that occur in 
the atmosphere and have been used to study a range of issues. As a result of the 
diverse nature of their application, models may be categorised in many different 
ways. For example, atmospheric chemical transport models may be defmed 
according to their spatial scale (Graedel and Crutzen, 1992; Seinfeld and Pandis, 
1998) as shown in Table 2.2. 
Table 2.2 Atmospheric chemical transport models are defined according to their 
spatial scale. 
Model Typical domain scale Typical resolution 
Microscale 200 x 200 x 100 m 5 m 
Mesoscale (urban) 100 x 100 x 5 km 2 km 
Regional 1000xI000x10km 20km 
Synoptic (continental) 3000 x 3000 x 20 km 80 km 
Global 65000 x 65000 x 20 km 
50  x 50 
Equally models may also be characterised by the dimensionality of the area that they 
have been designed to simulate, namely: zero-dimensional (box) model, 
one-dimensional (column) model, two-dimensional model and three-dimensional 
model. These terms are explained by the simplified schematics shown in Figure 2.6 
and are described more fully in the subsequent sections. 
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Two-dimensional 	 Three-dimensional 
Figure 2.6 Schematic highlighting the meaning of the terms zero-dimensional 
(box); one-dimensional (column); two-dimensional; and three-dimensional with 
respect to computer models. 
Zero-dimensional models 
Zero-dimensional or box models represent the simplest case, in which the 
atmospheric domain is represented by only one box. In a box model it is assumed 
that the concentrations of the different species are the same throughout the whole box 
and are therefore vary only as a function of time. Figure 2.7 highlights the processes 
that may be included in this type of model. 
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Figure 2.7 Schematic highlighting the chemical and physical processes that may 
be coded into zero-dimensional (box) models. 
Chemical species may enter the box in two ways: either through source emissions or 
by transport processes such as advection (the transport of a species by the mean 
horizontal motion of air parcel) or by entrainment (the vertical movement of air 
parcels as a consequence of turbulent mixing). The species present within the box 
may undergo transformations by reactions with each other or by photochemical 
means. Chemical species are removed from the box by transport processes such as 
advection and detrainment (due to upwards motion) and by dry deposition onto the 
Earth's surface. 
'S 
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The dimensions and placement of the box may be designed such that the model 
describes a particular scenario. For instance, to study the influence of urban 
emissions on the chemical composition of the air, a box model may be designed with 
suitable input data such that it describes an urban environment. In a similar manner, 
the time scale of the model may be altered depending on the application. For 
example, if a box model is used to study the air quality over a 24 hour period, the 
model must include detailed input data over that time period. This might include 
information such as the daily variations in traffic emission, diurnal wind speed 
patterns and the variation of solar radiation during the day. In this way box models 
can provide a useful means to focus on individual processes, such as emissions or 
particular reactions, so that they may be studied in more detail. 
One, two and three-dimensional models 
One, two and three-dimensional models are essentially extensions of the box model. 
One-dimensional (l-D) models assume that species concentrations are functions of 
height as well as time (Figure 2.8). 
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5 
Figure 2.8 A schematic diagram of the one-dimensional approach to 
atmospheric modelling. 
Two-dimensional (2-D) models assume that species concentrations are uniform along 
one dimension but depend on the other two dimensions as well as time (Figure 2.9). 
This type of model is often used to describe global atmospheric chemistry by 
assuming that concentrations are functions of latitude and altitude but do not depend 
on longitude. However, models such as these have mainly been used for 
stratospheric studies, because in the troposphere essential longitudinal variations do 
exist. 
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Figure 2.9 A schematic indicating the computational cells in a two-dimensional 
model. 
Three-dimensional (3-D) models calculate the concentrations of species as a function 
of height, longitude and latitude as well as time. As a result, these models may be 
considered as the most complete way in which the atmosphere may be described and 
have been applied to simulate global scenarios (Figure 2.10). However, this type of 
model requires simultaneous calculations to describe the meteorological conditions 
as well as the chemical and physical processes. It is a very complex task to model 
such a system and requires a great deal of processing power. Because of the 
complexity of this system the chemistry incorporated in these models is often very 
simplified. 
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Figure 2.10 A schematic indicating the computational cells of a global three-
dimensional approach. 
Atmospheric modelling is an important tool for understanding the impact of air 
pollutant emissions on the chemical composition of the atmosphere. Computer 
models may be applied to study a number of environmental issues, from predicting 
the concentrations of tropospheric ozone and toxic organic pollutants at the local and 
regional levels through to forecasting global climate change. This is particularly 
useful for governing bodies, to simulate the effect of proposed emission regulations 
upon air quality before making policy decisions. 
Gas Phase Models 
Large quantities of volatile organic compounds (VOC) are emitted into the 
atmosphere from anthropogenic sources, with worldwide emissions being estimated 
to be 100 million tons per year (Atkinson, 1998). In the gas phase of the troposphere 
these pollutants may undergo photolysis, react with the hydroxyl radical, nitrate 
radical or with ozone. An understanding of the emissions, transport and reactions of 
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these VOC is required if air pollution problems are to be effectively controlled. Of 
particular importance is the generation of ozone as a by-product of the oxidation of 
VOC species in the presence of NO R; ozone is known to have adverse effects on 
health, vegetation and materials. One of the key questions to be answered by models 
is whether the formation of ozone is limited by the amount of available hydrocarbons 
or NOR. This may be investigated through simulations by systematically varying the 
emissions rates of NO and hydrocarbons for typical meteorological conditions. 
To this end, the UK Department for Environment Food and Rural Affairs (DEFRA) 
has supported the development of an explicit chemical mechanism which describes 
the individual roles played by each individual VOC. The aim of the mechanism is to 
provide a research tool to quantify the potential that each VOC exhibits to form 
photochemical ozone (Derwent et al., 1998; Derwent, 2000; Jenkin et al., 1997). In 
this "Master Chemical Mechanism" (MCM) there are in the order of 12,600 reactions 
involving around 4,500 unique chemical species. It is hardly surprising, therefore, 
that this model is believed to be the most comprehensive description available of the 
chemistry processes involved in photochemical pollutant formation. However, even 
in this highly complex model there are still major uncertainties in the understanding 
of the detailed chemistry with respect to the aromatics (Saunders et al., 1997). This 
highlights the problems faced by those scientists modelling the troposphere: models 
require accurate and reliable laboratory data. Clearly if such data are not available, 
estimates have to be made. This must be done with the utmost care to ensure that the 
estimated values do not detract from the validity of the model output. 
While the MCM was designed to improve the understanding of the atmospheric 
processes as a whole, modelling can also be more specific with regards to the area 
which is being modelled. Modelling studies are often undertaken as a result of 
concern over pollution levels in urban areas. For example, independent studies have 
recently been completed into modelling the pollution levels in three European cities: 
Antwerp, Barcelona and Helsinki. The modelling studies for Barcelona (Toll and 
Baldasano, 2000) extended over a larger area and included biogenic emissions as 
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well as those from anthropogenic sources. Work at Antwerp (Mensink et al., 2000) 
and Helsinki (Karppinen et al., 2000) was largely driven by concern over traffic 
pollution. By evaluating the volume of traffic and the emissions that the vehicles 
produce it was possible to compile a model which predicted urban pollution levels on 
an hourly basis. Models such as these require highly detailed emissions data and are 
only limited by the amount of input data available to them. 
However, as highlighted in Section 1.6, the chemical transformation of species in the 
troposphere includes heterogeneous processes on the surfaces of water droplets and 
reactions in the liquid phase as well as those reactions which occur in the gas. 
Although the oxidation of most gaseous compounds is initiated by gas phase 
processes, chemistry of the aqueous phase is thought to play a substantial role in the 
subsequent oxidation and the formation of acidic species. While the liquid phase 
could be assumed as merely a loss route for species in the gas, this would be an 
oversimplification of the chemistry which occurs in the liquid phase. As a result, a 
number of liquid phase models have been developed which often include gas phase 
chemistry as well as the uptake of species from the gas into the liquid. 
Liquid Phase models 
The development of models to describe the chemistry of the liquid phase present in 
the atmosphere largely stems from the concern over acid rain. This resulted in a 
number of models which attempted to identify and describe the physicochemical 
pathways leading to acid deposition, see for example Pandis and Seinfeld (1989). As 
a result, the focus of models such as this was very much on the oxidation routes of 
the S(IV) species, often with little or no gas phase chemistry included in the model. 
However, despite the limitations of the early models, studies such as those by 
Langner and Rodhe (1991) have shown that on a global scale, more than 70 % of the 
oxidation of SO2 to S042  occurs within clouds droplets. 
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Although a great deal of work has been done on the liquid phase chemical reactions 
of sulphur species in clouds, the organic chemistry within the cloud droplets is still 
largely unknown. Little data are available even regarding the actual organic 
composition of cloud water. Clearly a cloud is a very complex chemical 
environment which combines many different physical and chemical processes. 
Without the basic information regarding gas uptake into liquid droplets and the rates 
of liquid phase reactions, modelling becomes a very difficult science. 
However, despite a simplified treatment of cloud processes, exploratory modelling 
studies by Lelieveld and Crutzen (1990; 1991) showed that clouds can have a large 
effect on the photochemistry of the troposphere. In particular, concentrations of 03, 
NOx and HOx  were all found to be reduced in the presence of clouds. The general 
loss of HO radicals is mainly attributed to the rapid oxidation of formaldehyde in 
the liquid phase and the resulting decrease in gas phase photolysis. In cloud free air 
the break down of formaldehyde is a major source of H0 radicals, CO and H; 
whereas, in the liquid phase, formaldehyde almost immediately forms CH2(OH)2. 
This species rapidly reacts with OH radicals present in the aqueous phase, ultimately 
producing carbon dioxide and water. 
Other more recent modelling studies have extended the development of liquid phase 
models as more kinetic data have become available. One such example is the work 
undertaken by the Herrmann group (Herrmann etal., 1999; Hemnann etal., 2000) in 
which they have produced a "Chemical Aqueous Phase Radical Mechanism" 
(CAPRAM). This model includes the oxidation of organic compounds with one and 
two carbon atoms, and includes reactions with halogen atoms and transition metal 
ions. CAPRAM version 2.3 is undoubtedly one of the more advanced "multiphase" 
models which include liquid phase processes as well as gas phase chemistry. 
However, with only 199 liquid phase reactions involving just 70 species, it is clear 
that the liquid phase processes are still not nearly as well understood as those in the 
gas phase. Nonetheless, models such as this can provide a useful insight into the 
chemical processes which are thought to occur in clouds. For example, it has been 
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shown that up to 30 % of the OH present in the aqueous phase during the day is 
formed in the liquid by Fenton-type reactions of metal ions (Fe 2 and Cu) with 
H202; whereas the NO3 present in the liquid during the night time is exclusively 
transferred from the gas (Flerrmann et al., 2000). The main sinks for OH in the 
liquid are through reactions with organics such as CH2(OH)2 and HCOOH. In 
contrast, reactions with the halogen anions, Cl - and Bf, account for more than 90 % 
of the total loss routes for NO3. Furthermore, as the earlier work by Lelieveld and 
Crutzen (1991) had suggested, the presence of the aqueous phase may strongly affect 
the composition of the gas phase. The concentrations of both the OH and NO3 
radicals in the gas phase are significantly reduced when the liquid phase chemistry is 
included. During the day the OH concentration is reduced by more than a factor of 
five in the presence of the liquid phase. This trend is even more severe for NO3 with 
night time concentrations being reduced by more than three orders of magnitude. 
As with all computer models it is important that these multiphase mechanisms 
undergo rigorous testing against similar models and are validated against direct 
observations made in the atmosphere. Although the natural appearance of clouds is 
diverse, in practice modelling this variation is not feasible. It would not only be 
computationally difficult but could also mask the chemistry of interest. Therefore for 
the purpose of these theoretical studies, such as those by Herrmann and co-workers 
(1999; 2000) and Sander and co-workers (1995; 1999), clouds are approximated by 
defining liquid droplets with uniform size and density. To ensure a level of 
consistency between models from different research groups, a number of different 
scenarios for modelling multiphase tropospheric chemistry have been developed 
(Poppe et al., 2001). These protocols suggest values for parameters such as the 
initial concentration of chemical species, emission and deposition rates together with 
parameters which describe the condensed phase, such as droplet size and liquid water 
content. This allows for a more straightforward comparison of the results from 
different groups to be conducted. However, these models are based on lab results 
and theory. Only by comparing the results from computer models with real data 
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from field campaigns is it possible to highlight discrepancies and gaps in 
understanding. 
Unfortunately model comparison with direct observational data tends to be difficult 
due to the lack and uncertainties regarding in situ measurements (Leriche et al., 
2000). Furthermore, even when suitable field measurements do exist, there are 
difficulties in comparing results from modelling studies with real world situations. 
This problem is highlighted by recent work by Leriche et al. (2000). In this work a 
multiphase model was developed in an attempt to describe the measurements 
obtained by Voisin et al. (2000) during a cloud event at the top of Puy de Dome in 
France. Results indicated that, depending on the stage of evolution of the cloud, 
either growing or dissipating, a different partitioning of VOC is observed between 
the gas and liquid phases. It was also found that reactions involving formaldehyde 
were no longer valid over the range of liquid water content observed in the field 
campaign. In order to address these problems it was suggested that the existing 
multiphase model be coupled with a microphysical model which describes more 
accurately the behaviour of the cloud droplets. By describing the cloud droplets 
more precisely it is hoped that it will allow the existing multiphase chemical model 
to simulate more accurately the complex nature of cloud chemistry. 
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Chapter 3 
Determination of Henry's Law Coefficients of phenol, 
o-cresol and 2-nitrophenol. 
3.1 Introduction 
The Henry's Law coefficient, H, describes the extent to which a chemical partitions 
between air and water (Staudinger and Roberts, 1996). It is a key parameter in the 
process of describing the partitioning of a species in the environment and may be 
used to model the environmental fate of a particular chemical (Leuenberger et al., 
1985). Calculations of environmental fate in general, and atmospheric modelling in 
particular, rely heavily on the availability of thermodynamic and kinetic data. 
Although compilations of Henry's Law coefficients exist for very many compounds, 
a detailed search of the literature reveals substantial variation in previously quoted 
values. This is particularly the case for phenol and substituted phenols such as the 
compounds investigated here. In many cases, recommended values presented in the 
literature are based on estimating the Henry's Law coefficient from vapour pressure 
and solubility data. Furthermore, Henry's Law coefficients are often only quoted at 
one temperature, or with no indication of the temperature. Since effective modelling 
must take into account the effects of temperature variations, both temporal 
(e.g. diurnal) and spatial, the variation with temperature of input parameters such as 
Henry's Law coefficients needs to be quantified. The explicit inclusion of the 
temperature dependence of Henry's Law coefficients is particularly important as they 
typically increase by the order of a factor of two for a 10 K decrease in temperature 
over the ambient range. in this work, Henry's Law coefficients for phenol, o-cresol 
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and 2-nitrophenol have been obtained at six temperatures over a range relevant to 
environmental processes. These data have been published, Harrison et al. (2002). 
3.2 Bubble Column Technique 
Although various experimental methods for determining Henry's Law coefficients 
have been proposed (Section 2.5.1), the most commonly used methods are based on 
the column-stripping technique originally developed by Mackay et al. (1979). The 
technique involves purging a solution containing the species of interest with a flow 
of an inert gas, such as helium. As each bubble rises up through the solution in the 
column, the solute partitions from the liquid into the gas phase according to its 
Henry's Law coefficient. However, equilibrium with the gas phase may not be 
achieved before the bubble reaches the top of the liquid in the column. Therefore, in 
this work, the data analysis has been extended so that the true Henry's Law 
coefficient may be derived, even when equilibrium is not established. The change in 
concentration of solution is monitored during purging using UV absorbance 
spectroscopy at the maximum absorption of the sample. By maintaining a constant 
gas flow rate and temperature the Henry's Law coefficient can be calculated for a 
particular compound at a particular temperature. 
The Henry's Law coefficient varies considerably with temperature. Therefore care 
was taken to ensure that the purge gas, as well as the liquid in the bubble column, 
was maintained at the desired temperature. In this way the whole system was 
maintained at a constant temperature. This was checked by measuring the 
temperature of the solution present in the column throughout the duration of the 
experiment. 
It was also necessary to ensure that the gas passing through the solution did not 
reduce the volume of liquid in the column as this would have an effect of increasing 
the absorption measured by the UV instrument. To maintain a constant liquid 
volume, the gas was humidified prior to entering the bubble column by passing the 
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gas through deionised water. This was checked by measuring the height of the 
solution present in the column throughout the duration of the experiment. 
3.3 Experimental Procedure 
The column-stripping apparatus (Figure 3.1) was constructed of borosilicate glass 
(Pyrex) and measured 51 cm in height with an internal diameter of 2.4 cm. The 
column was surrounded by a concentric glass jacket containing a 1:1 mixture of 
ethylene glycol and water as coolant fluid. A temperature-controlled recirculation 
bath (Cole Palmer Polystat Constant Temperature Circulator) was used to pump 
coolant through the system in order to maintain a constant temperature throughout 
the liquid phase for the duration of the experiment. 






He 	 ilier,iiostaticall 
controlled 
Gas humidifier 
Figure 3.1 Schematic of the bubble column apparatus. 
Aqueous solutions were prepared by weighing out the appropriate amount of 
chemical and dissolving it in deionised water (10 M) cm, Whatman, Analyst 25) 
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with the aid of an ultrasonic bath (Grant, XB14). Concentrations of solutes used 
were 1.0 x 1 3  M, 4 x I 0 M and 1.5 x I 0 M for phenol, o-cresol and 
2-nitrophenol, respectively. 
A solution of the species of interest was prepared and added to the column together 
with a magnetic stirrer. The magnetic stirrer was used to ensure thorough mixing of 
the liquid in the bubble column. This was confirmed during the development stage 
using a dye tracer. The solution was mixed thoroughly in the column and left to 
reach the desired temperature. Before introducing the purge gas into the system the 
column depth was measured. This was achieved using a linear scale fixed to the 
bubble column and precalibrated for different liquid volumes. The column depth 
was measured once more after the experiment to check that no liquid had been lost 
from the bubble column during purging. To make sure that this did not occur, the 
helium purge gas (BOC 99.99 %) was humidified prior to entering the bubble 
column by passing it through deiomsed water (10 W2  cm) at the same temperature 
as the bubble column. The gas then passed through a heat exchange system to 
further ensure that the gas entering the column was at the same temperature as the 
liquid through which it was to be passed. Volumetric flow rate of He was maintained 
at 1.00 SLPM (standard litre per minute) for phenol and o-cresol, and 0.30 SLPM for 
2-mtrophenol, using mass flow controllers (Tylan FC 280 SA) previously calibrated 
against a bubble meter. The helium entered the base of the column through a 
sintered glass disk (Pyrex grade 2, 40-100 pm). 
During purging, the species of interest partitioned from the solution into the gas 
phase according to its Henry's Law coefficient. Over the course of the experiment 
the liquid phase was sampled and its concentration was analysed by UV absorption. 
The frequency of sampling depended upon the solute, the gas flow rate and liquid 
volume. In order to sample the liquid phase the gas flow was stopped and a sample 
of about 3 cm3  of the liquid solution taken. The UV absorbance was measured in a 
double beam spectrometer (Shimadzu, UV 1 60A) against pure water using a 
matching pair of UV quartz cuvettes (Ileilma, path length of 10 mm). The 
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concentration of the solute was determined at the wavelength of maximum 
absorption (270 nm, 271 nm and 277 nm, for phenol, o-cresol and 2-nitrophenol, 
respectively). The measured sample was then placed back into the bubble column 
taking care to ensure a transfer free of losses. The off-gas was vented into a 
fume-cupboard. 
3.4 Data Analysis 
During purging the absorbance values decreased exponentially with time. Providing 
the aqueous phase remains well-mixed at all times, an equation based on the mass 
balance of the system can be written. The rate of loss of solute from the aqueous 
phase must equal the rate of increase in the gas phase. This yields the following first 
order decay rate for the concentration, c, of solute in solution with purging, 
dc 	CçD 
+ckh 	 (3.1) 
cit HRTV 
where the parameters are defined by self consistent units such as: 
c is the concentration of the species in solution / mol f' 
isgasflowrate/mls'. 
kh is the hydrolysis rate coefficient / s'. 
T is temperature of solution / K. 
V is volume of solution / ml. 
R is the gas constant / L atm IC' mol'. 
H is Henry's Law coefficient / M atm'. 
t is time after purging begins / sec. 
However, the species studied do not undergo hydrolysis, as they do not contain any 
hydrolysable groups so the values for the hydrolysis rate constant are essentially 
zero. Therefore the first-order rate coefficient for the decrease in liquid 
concentration is given by Equation 3.2: 
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k'= 	
' 	 (3.2) 
HRTV 
The first order decay coefficient is obtained by plotting the natural logarithm of the 
concentration versus time. By repeating this procedure with the same flow rate and 
at constant temperature for different volumes, a secondary plot of k 	versus -L 
can be plotted. The gradient of this secondary plot is 
HRT' 
from which under the 
assumption that equilibrium is reached between the gas and the liquid phases, the 
Henry's Law coefficient may be obtained. 
3.4.1 Non-attainment of Equilibrium 
However, the approach described above is based upon the assumption that 
equilibrium is reached between the gas and the liquid phases. In many circumstances 
the partial pressure, p, of solute in the gas bubble may not reach equilibrium with the 
concentration in the liquid at the point of exit of the gas bubble from the top of the 
liquid. This might occur when using higher flow rates, when operating at low 
temperatures or when studying species with a high Henry's Law coefficient. Under 
these circumstances the partial pressure of solute in the gas phase after it has passed 
through the liquid can be written as Pnon-equil, where Pnon-equil < Pequil. The 
corresponding value for the derived, non-equilibrium, Henry's Law coefficient, 
Hnon..equii, 
varies with the extent of non-attainment of equilibrium through 
Equation 3.3: 
Pnon-equii = 
	C 	 (3.3) 
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However, it is possible to derive an expression for 	in terms of the true Hequji 
value as a function of column depth. This was achieved by considering the 
interfacial mass transport as the bubbles rise through the column. 
At an arbitrary depth, z, the concentration difference between the liquid and the gas 
is c-Hp where c is the concentration of the solute, p is the partial pressure and H is 
the Henry's Law coefficient. As the bubble rises a short distance, dz through the 
column it is exposed to an increasing interfacial area, dA, thereby increasing the 
partial pressure within the bubble, dp. Thus the rate of transfer through the interface 
is: k01dA (c-Hp) where dA is the increase in the interfacial area with height dz. k01 is 
the mass transfer coefficient (although knowledge of the exact value is not required). 
If it is assumed that the liquid is well mixed, then mass balance shows that the rise in 
partial pressure, dp, in the gas is given by Equation 3.4: 
= k0dA(c - Hp) 
	
(3.4) 
Integration between the limits p = 0 -> p  when A = 0 -+ A followed by 
rearrangement yields Equation 3.5: 
-ARTh OL H 
p=p11(l-e 'p ) 
	
(3.5) 
By substituting in PeqUI! = C 
 for the equilibrium situation and similarly 
H equAl 
C 
= 	for the non-equilibrium situation. 
1'equil 
Hnon_eqjji  (i.e. what is measured) = 	ARTh 	 (3.6) 
1-e 
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The interfacial area, A, between gas bubbles and the liquid phase may be written as a 
proportional function of liquid depth, i.e. A =/cz, where k is an unknown constant. 
This gives a final expression linking Hnnq,,j1 with liquid depth, z: 
'equi1 
= 	-kOL RThH,z 
1—e 	
° 
The parameter H 0 1i is equivalent to H,,, although what is actually measured 
experimentally is k',,as which is related to Hmeas through Equation 3.2: 
(3.2) i.e.: 
Hme ,RTV 
Substituting Equation 3.7 into Equation 3.2 gives: 
—k QL RTkH, j,z 
k',,= 	 (3.8) 
HCUI!RT 	
).  
But the volume, V, of the aqueous phase is related to depth through V=s.z, where s is 
the internal cross-sectional area of the bubble column apparatus. Making this 
substitution into Equation 3.8 and tidying up yields a final expression relating k ',,'as 
and depth, z. 
k' 
I-? 	1 eUJt 




where a and fi are simply numerical parameters consisting of a collection of 
constants: 
(3.7) 
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The parameter fi consists of constants of known values, whereas the parameter a 
does not. The value of Heji was obtained by fitting Equation 3.9 to the set of k' 
values measured as a function of z (at constant temperature and constant gas flow 
rate), using Hequji and a as adjustable parameters. 
All gas volumetric flow rates, ço were corrected to the experimental temperature 
(Texp) and pressure, and for the volumetric flow of entrained water vapour. The 
saturated vapour pressure of water required for the latter correction was obtained 
from the equation PH2O = exp 21.1- 
 5340 I (Lide and Frederikse, 1993). 
3,5 Results 
Henry's Law coefficients for phenol, o-cresol and 2-nitrophenol were derived for six 
temperatures between 281 K and 302 K. 
Figure 3.2 shows an example plot of the natural logarithm of absorbance versus 
time, the gradient of which yields k 'meas  Plots were constructed with a minimum of 
4 data points with more readings taken if required to obtain a satisfactory fit through 
the data. 
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Figure 3.2 The observed rate of decline in aqueous phase UV absorption. Data 
plotted is of 2-mtrophenol at 298 K for a purge flow of 0.30 SLPM and column 
liquid depth z = 26.2 cm. 
The first order rates k'm€ were then plotted against -L at every temperature for each 
species (Figure 3.3 parts (a), (b) and (c)). Values of H were derived for all three 
species from the gradient 
HRT 
of the secondary plot and are listed in Table 3.1. 
However, this method of deriving H is based on the assumption that equilibrium has 
been reached between the bubble and the liquid through which it is passing. 
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Figure 3.3 (a) Plot of 	against A 'm for phenol. The solid line is the best fit line 
through the data. The gradient is equal to 
HRT 






0 	0.02 	004 	(J 06 	0 lj 
I/vol/cm 3  




002 	0.04 	0,06 	008 










0 	002 	004 	0.06 	0,08 	(II 	1412 
1/vol / cm 3 











001 	0.02 	0.03 	0,04 	005 




0 	0.01 	0.02 	003 	0.04 	005 
1/vol / cm 3 
Figure 3.3 (b) Plot of 	against V. for o-cresol. The solid line is the best fit 
line through the data. The gradient is equal to 
HRT 
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Figure 3.3 (c) Plot of 	against k'm for 2-nitrophenol. The solid line is the best 
fit line through the data. The gradient is equal to 
HRT 
The more rigorous approach to deriving the true value He,ii was obtained by plotting 
k ',,, against liquid depth, z, and fitting Equation 3.9 to these measured data for a 
given solute at a constant temperature and gas flow rate. This general approach to 
determining Hequji allows for the possibility that equilibrium between gas and 
aqueous phases may not be established for a given column depth. 
(VI 
/ 
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Figure 3.4 parts (a), (b) and (c) show a plot of k 'meas  against column depth for each 
experiment and the least squares non-linear fit of Equation 3.9 to these data. The 
Hequii values derived from fitting the data to Equation 3.9 are listed in Table 3.1 
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Figure 3.4 (a) Plot of k' me,s and z (column depth) values for phenol. The solid 
line is the least-squares fit of Equation 3.9 to the data, with Hequji and a as adjustable 
parameters. 
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Figure 3.4 (c) Plot of k'meas and z (column depth) values for 2-nitrophenol. The 
solid line is the least-squares fit of Equation 3.9 to the data, with Hequji and a as 
adjustable parameters. 
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Table 3.1 Results obtained by both methods of deriving Henry's Law 
coefficients for phenol, o-cresol and 2-nitrophenol. The error ranges are 95 % 
confidence intervals in the statistical fits only. 
Compound Temperature / K H 0 u/M atm' Hepil I M atm' 
phenol 284 9570±3780 8290 ± 1910 
284.5 8860±3120 9180 ± 1130 
289.5 4890±325 5100 ±270 
293.5 3890±507 3870±540 
298 2980 ±407 3170 ± 316 
302 2780±433 2670 ± 159 
o-cresol 281 4110±564 4520 ± 558 
284.5 3370±268 3240 ± 185 
289.5 2380±409 1700 ± 365 
293.5 1590±47 1560±73 
298 991 ±73 1050±75 
302 907 ±63 870±57 
2-nitrophenol 281 295 ± 1 280 ± 20 
284.5 264±19 256±14 
289.5 173±1 167±6 
293.5 112±4 109±5 
298 93±2 86±3 
302 72±3 65±2 
These values of H may be compared with those given in Tables 3.2 to 3.4, which 
collect together the results of an exhaustive search of the published literature for H 
values of phenol, o-cresol and 2-nitrophenol, respectively. A large proportion of the 
previously reported H values are based on calculation or estimation, rather than 
experimental measurement. Tables 3.2 to 3.4 also provide previously reported 
temperature dependence of H, where available. 
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Table 3.2 Literature values for the Henry's Law coefficient for phenol, and its 
temperature dependence, where available. 
T I K H I M atm' d in H 
d()4) 
Reference 
278 9207 (expt.) 
3858 (calc.) 
(LUttke and Levsen, 1997) 
283 430 (Healer al., 1995) 
770 (Werner et al., 1987) 
4949 (Dobnal and Fenclova, 1995) 
293 227 3600 (Janini and Qaddora, 1986) 
1558 (Tremp etal., 1993) 
2188 (Sawyer etal., 1994) 
2800 7300 (USEPA, 1982) 
298 > 422 (Altschuh et al., 1999) 
490 (Hine and Weimar, 1965) 
769 (Reible, 1999) 
1317 (Yaws, 1999) 
1948 (Leuenberger etal., 1985) 
2203 (Mabey etal., 1982) 
2455 (Schwarzenbach et al., 1993) 
2528 (Verschueren, 1996) 
2900 6800 (Parsonsetal., 1971) 
3000 (Gaffiiey et al., 1987) 
3003 (Howard and Meylan, 1997) 
3007 (Staudinger and Roberts, 1996) 
5447 (Thibodeaux, 2002) 
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Table 3.3 Literature values for the Henry's Law coefficient for o-cresol, and its 
temperature dependence, where available. 
T I K H / M atm 1 din H 
d( T ) 
Reference 
281 650 (Leuenberger el al., 1985) 
293 338 4600 (Janmi and Qaddora, 1986) 
800 (Tremp etal., 1993) 
3400 (Leuenberger et al., 1988) 
298 640 (Mabey et aL, 1982) 
830 7300 (Parsons etal., 1972) 
830 (Gaffhey et aL, 1987) 
Unspecified. 
Presumed 298 
1007 (Parker et aL, 1994) 
Table 3.4 Literature values for the Henry's Law coefficient for 2-nitrophenol, 
and its temperature dependence, where available. 
T / K H / M atm' din H 
d(3/T)  
Reference 
278 1359 	(expt.) 
197 	(calc.) 
(LUttke and Levsen, 1997) 
281 288 (Leuenberger et aL, 1985) 
293 74 (Schwarzenbach et al., 1988) 
80 6200 (Tremp etal., 1993) 
132 (Mabey etal., 1982) 
139 (Rippen etal., 1987) 
298 64 (Leuenberger etal., 1985) 
70 4600 (Staudinger and Roberts, 1996) 
80 9600 (Rippen et al., 1987) 
106 (Howard and Meylan, 1997) 
124 (Benes and Dohnal, 1999) 
303 40 (Tremp et al., 1993) 
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From the experimental results given in Table 3.1 it is clear that the Henry's Law 
coefficients show strong temperature dependence over the ambient temperature range 
of -P5 - 30 °C. In thermodynamic terms, the Henry's Law coefficient is the 
equilibrium coefficient corresponding to the hypothetical process of transferring a 
solute from the pure ideal gas state to a liquid state at infinite dilution in the solvent 
(water). Thus, using the relationship between an equilibrium coefficient and the 
standard Gibbs free energy for the forward reaction of the equilibrium, AG°, it 
follows that, 
AG ° 	zlH ° AS ° 
	
(3.10) 
RT RT R 
where AlP and AS °  are the standard enthalpy and entropy changes, respectively, of 
the Henry's Law partitioning from gas to liquid. Note that the above expression 
assumes that AR° and i.S° depend only wealdy on T over a relatively small 
temperature range. 
Plots of in H versus lIT for the data obtained in this work are shown in Figures 3.5 
to 3.7 for phenol, o-cresol and 2-nitrophenol, respectively. The solid line in each 
figure is the linear fit of Equation 3.10 to the data, and provides the following 
temperature dependent expressions for predicting the Henry's Law coefficients over 
the temperature range 291 - 302 K: 
phenol: 	 lnH(/Matm') = 5850 —11.6 
T 
o-cresol: 	 In H( / M atni') = 6680 —15.4 T 
2-nitrophenol: 	 lnH(/M atni') = 6270 —16.6 
T 
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Figure 3.5 Plot of in Hequu versus lIT for phenol. Error bars on data from this work 
are 95 % confidence intervals in the fit of Equation 3.9 to the k 'meas  versus z data 
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Figure 3.6 Plot of In H,,1, versus lIT for o-.cresol. Error bars are 95 % confidence 
intervals as for Figure 3.5. 
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Figure 3.7 Plot of in Hequii versus lIT for 2-nitrophenoL Error bars on data are 
95 % confidence intervals as for Figure 3.5. 
The slope coefficient of these lines (i.e. dInH values of 5850, 6680 and 6270 K for 
d()) 
phenol, o-cresol and 2-nitrophenol respectively) may be compared in Tables 3.2 to 
3.4 with those few values reported previously for the temperature dependence in H. 
AH ° 
The gradient and intercept of each line in Figures 3.5 to 3.7 are equal to - R 
and 
respectively. The derived thermodynamic parameters are summarised in 
Table 3.5, with 95 % confidence intervals. 
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Table 3.5 Standard enthalpy and entropy changes for the Henry's Law 
solubility of phenol, o-cresol and 2-nitrophenol. Quoted error ranges are 95 % 
confidence intervals from the linear fits to the measured data shown in Figures 3.5 to 
3.7. 
Compound AR° / kJ mo! 1 M° I J moE' W' 
phenol -48.6 ± 13.0 -96.2 ± 44.4 
o-cresol -55.5± 13.1 -128±45 
2-nitrophenol -52.1 ±8.9 -138±31 
3.6 Discussion 
The Henry's law coefficient of phenol, o-cresol and 2-nitrophenol were measured at 
six different temperatures relevant to environmental processes. Of the two methods 
of data analysis undertaken, the first neglected to consider the possibility of the 
non-attainment of equilibrium between the gas and liquid phases. If the system is at, 
or close to equilibrium, then the points on the second-order plot (Figure 3.3) must lie 
on a straight line. By inspection, the linear fit to the plots of k'meas versus -L 
indicated that the measured H values were at, or close to the equilibrium values, 
thereby appearing to validate this method of deriving Henry's Law coefficient in the 
majority of cases. 
However, by extending the data analysis it was possible to derive Henry's Law 
coefficient more accurately even for situations in which equilibrium was not 
established. A second plot of k',,,as versus liquid height, z was used to derive the 
equilibrium Henry's law coefficient, Hequit. Again, the function described by 
Equation 3.9 appears to fit the data very well for all temperatures. 
The two different methods for deriving the Henry's Law coefficient were compared 
using a paired t-test. This demonstrated that for values of H above a few hundred 
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M atm' the results obtained using Equation 3.2 and 3.9 were not significantly 
different. On the other hand, for situations in which Henry's Law coefficients are 
lower, Hnon quii values determined using Equation 3.2 are systematically higher 
(P = 0.005) than the Hequji values deriving from fitting Equation 3.9 
to k' values as a 
function of depth. However, this bias was less than 5 % of the measured value, 
which is close to the likely uncertainty. Although this systematic bias is also 
expected to occur at higher values of H, it is masked by the higher levels of 
experimental uncertainty experienced under these conditions. This experimental 
uncertainty is caused by difficulties in measuring the smaller changes in liquid 
concentration incurred at high H. Because of the low rate of partitioning from 
aqueous phase into the gas phase at these higher solubilities, the bubble colunm 
method is limited to determination of H values < —iø M atm 1 . 
The confidence intervals quoted in Table 3.1 only represent the errors associated 
with the fitting process. As a result, the uncertainty in the measured values may in 
fact be larger than those quoted in Table 3.1 because of other sources of 
experimental error. There are three fundamental assumptions in column stripping 
experiments, namely that: 
• 	the liquid is completely mixed 
• 	the system remains isothermal throughout 
• 	the liquid volume remains constant throughout the experiment 
Steps were taken, as described in the experimental section, to ensure that these 
problems did not arise. The statistical uncertainties quoted for fits to the data should 
incorporate random variations in the above conditions. Systematic error in 
volumetric flow rate was eliminated by external calibration of the flow. 
Figures 3.8 to 3.10 plot the data obtained here along with the previously published 
literature values given in Tables 3.2 to 3.4. Despite the importance of the species 
investigated, Tables 3.2 to 3.4 and Figures 3.8 to 3.10 show that there has been no 
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previous consensus on their Henry's Law coefficients and, in particular, no previous 
systematic measurement of the dependence on temperature. In some instances there 
are difficulties in determining the temperature at which the reported value applies. 
This is of particular concern given the obvious strong variation in H values even over 
a 20 K temperature range. 
The most consistent set of previous data obtained from the literature are for 
2-nitrophenol (Table 3.4 and Figure 3.8). However, even for this species, reported 
values of H vary by a factor of 2 at 298 K and at 293 K and by almost a factor of 7 at 
278 K. The results obtained in this work, for temperatures between 281 and 303 K, 
bisect the extremities of previous measured or estimated values. An extrapolated 
value of H = 390 M atm' at 278 K indicates that the experimental value of 
1359 M atm 1  reported by LUttke and Levsen (1997) at this temperature is 
considerably too high. The fit to the temperature dependent data for 2-nitrophenol 
dlnH 
yields a 	coefficient of 6270 K. Only three coefficients have been reported 
d 1/T) 
previously: 4600 K (Staudinger and Roberts, 1996), 6200 K (Tremp et al., 1993) and 
9600 K (Rippen et al., 1987) (Table 3.4). The AlP and iS° values for gas to liquid 
equilibrium partitioning of 2-nitrophenol (Table 3.5) agree extremely closely with 
the values of AlP = -52.3 ± 8.1 kJ mor 1 and LS° = -138 ± 28 J moF' K' from 
preliminary work by MUller and Heal (2001), using the same technique. 
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Figure 3.8 Plot of in Heq,ii versus lIT for 2-nitrophenol together with other 
literature values reported in the literature. 
Previously reported H values for phenol have been extraordinarily variable, as is 
evident from Table 3.2 and Figure 3.9. For example, at 298 K reported H values 
vary between >422 M atm' (Altschuh et al., 1999) to 5447 M atm 1 (Thibodeaux, 
2002). The linear fit to In H versus lIT data obtained from this work yield H values 
for phenol ranging from 2450 M atm' at 302 K to 8370 M atm' at 284 K 
(3180 M atm at 298 K). It appears as though the results presented here represent 
essentially the only systematically measured temperature dependent H data for 
phenol. The 
dInH gradient of the temperature dependence of the data is 5850 K. 
The data of Parsons et al. (1971) most closely match these results, both for absolute 
value of H and for the temperature dependence. The other two reported temperature 
dependence coefficients of 3600 K (Janini and Qaddora, 1986) and 7300 K (USEPA, 
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1982) (Table 3.2) are somewhat different from the value derived in this study. The 
data of Janini and Qaddora (1986) appear particularly dubious; they report absolute 
H values in excess of an order of magnitude lower than the vast majority of other 
Figure 3.9 Plot of In Hil versus lIT for phenol together with other literature 
values reported in the literature. 
Previous Henry's Law data for o-cresol are considerably more sparse, and are again 
variable (Table 3.3 and Figure 3.10). Measurements in this work are within the 
scatter of data previously reported but, more importantly, they provide a 
self-consistent data set within the temperature range 281 to 302 K. Only two 
temperature dependence coefficients have been previously reported for o-cresol 
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(Table 3.3). The 
dnç coefficient of 7300 K reported by Parsons el al. (1972) is 
d) 
within 10 % of the value of 6680 K obtained in this work. As for phenol, the data 
reported by Janini and Quaddora (1986) are very significantly lower and cannot be 
recommended for serious comparison. 
Figure 3.10 Plot of In Heq ai versus lIT for o-cresol together with other literature 
values reported in the Literature. 
The effect of dissociation of the dissolved phenol has not been considered in the 
above analysis. Both phenol and o-cresol have an acid dissociation constant (pK a) 
greater than 10 at 298 K, and are effectively not dissociated in pure water. However, 
2-nitrophenol has a pKa  of 7.2, and is appreciably dissociated in pure water. In this 
experiment, where pure He was used as the purge gas, the aqueous concentrations 
used were ca. 1.5 x 1 0' M, which would be in equilibrium with gas phase 
concentrations of about 1.7 x I 0 atm. At these concentrations the solution would be 
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slightly acidic (pH 5.5), but only a small fraction (ca. 2 %) of the dissolved 
2-nitrophenol would be dissociated. If the experiment had been conducted at lower 
concentrations, a much greater fraction of the dissolved compound would have been 
dissociated, with the effective Henry's Law coefficient (relative to 'total dissolved 
2-nitrophenol') increasing from 86 M atm 4 to 139 M atm 1 at infinite dilution at 
298 K. In the real atmosphere, in the presence of CO2 and possibly other acidic 
gases, the buffering of atmospheric water at a pH of 5.6 or less ensures that the 
effective Henry's Law coefficient (i.e. relative to 'total dissolved 2-nitrophenol') is 
less than 89 M atm' at 298 K, or well within the experimental uncertainty. 
However, in the presence of gaseous ammonia or alkaline dust, where cloud and rain 
pH could be greater than 7, the effective Henry's Law coefficient will increase above 
that for the undissociated compound. 
In terms of their fate in the atmosphere, compounds with Henry's law coefficients in 
the approximate range 102 - 104 M atni are very sensitive to the particular 
conditions of the condensed aqueous phase. For example, for a compound with 
H = 102 M atm', the fraction partitioning into the aqueous phase (at equilibrium) 
rises from < 0.1 % to 2 % as the liquid volume fraction increases from 10 7 to iø. 
However, for a compound with H = 104 M atm4 , the fraction partitioning into the 
aqueous phase rises from 2 % to - 70 % for the same change in liquid volume 
fraction. These figures illustrate the importance that the changes in ambient 
temperature (through its effect on H) have on the partitioning. However, compounds 
like phenol, o-cresol and 2-nitrophenol are reactive species, so their atmospheric 
lifetime is not determined solely by equilibrium partitioning but by the relative 
kinetic rates of gas phase production and loss, rates of gas / liquid interfacial transfer, 
and rates of reaction within the aqueous phase. These coupled processes must be 
modelled in order to meaningfully compare lifetimes of different removal processes 
in the atmosphere wherein Henry's law coefficient is an important parameter in these 
models. 
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Studies were undertaken to investigate the possibility of extending the work to 
include 4-nitrophenol and 2,4-dinitrophenol. However, due to the larger Henry's 
Law coefficient associated with these species, insufficient amounts were partitioned 
from the liquid to be detected by UV analysis. The existing technique was modified, 
trapping the off-gas as it exited the bubble colunm using a sorbent material. After 
purging had been completed, a strong solvent was used to strip the mtrophenol from 
the sorbent which was then analysed by GC. It was hoped that trapping the off-gas 
would have the effect of concentrating the compound entrained in the gas phase, 
thereby lowering the limit of detection. However, this proved a fruitless line of 
investigation as insufficient amounts of nitrophenol were trapped. Further attempts 
were then made to determine the Henry's Law coefficient for these two nitrophenols 
using the tubing method described in Section 2.5.1. However, suitable sources of 
microporous tubing proved difficult to acquire. 
3.7 Summary 
One key parameter that remains uncertain for phenols and nitrophenols is the Henry's 
Law coefficient, H, which describes the partitioning between air and water. A 
detailed search of the literature reveals substantial variation in previously quoted 
values for phenols. In this work, H values for phenol, o-cresol and 2-nitrophenol 
were determined over a temperature range relevant to tropospheric processes. 
The experimental method used in this work to determine H was based on the 
column-stripping technique originally developed by Mackay and co-workers (1979). 
However, in this work, the data analysis was extended by deriving the true value of 
H from a fit to a plot of apparent H (when equilibrium is not established) with 
column depth. 
In conclusion the bubble column technique proved to be a reliable and 
straightforward technique for the measurement of Henry's law coefficients. The 
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results obtained provide a self-consistent data set over the temperature range 
281 - 302 K and were used to derive ALP and i\5°. 
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Chapter 4 
Aqueous Phase Nitration of Phenol 
4.1 Introduction 
As highlighted in Section 1.2, nitroaromatic compounds, and in particular 
mtrophenols, have been identified in field measurements of cloud and rain water 
(Leuenberger et al., 1985; Leuenberger et al., 1988; Levsen et al., 1990; Levsen 
et al., 1993; LUttke et al., 1997; LUttke et al., 1999; Rippen et al., 1987). Many of 
these compounds are acknowledged to be phytotoxic with the toxicity largely 
dependent upon the isomeric substitutions. While it is generally accepted that the 
gas phase reaction between NO3 and phenol produces essentially 2-nitrophenol 
(Atkinson et al., 1992), there is less information regarding the species formed by the 
corresponding liquid phase processes. In order to understand the formation of the 
mtrophenols that have been observed in the environment it is important to establish 
the pathways through which these compounds are produced. This may ultimately be 
achieved through modelling studies that consider the effect of the liquid phase 
chemistiy as well as that of the gas phase. However, for such systems to be 
modelled accurately it is first necessary to obtain reliable information regarding the 
processes that occur in the liquid phase. 
While there have been a number of recent studies into the rates of liquid phase 
nitration reactions (Herrmann et al., 1995; Herrmann et al., 1996; Umschlag et al., 
2002), these have, focused on the reaction between aromatic compounds and the 
nitrate radical (NO3) using the laser photolysis / long path laser absorption technique 
as described in Section 2.5.2. Of these laser spectroscopic studies, only one has 
investigated the nitration of phenol (Umschlag et al., 2002), and only the rate and not 
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the products of the reaction between phenol and NO3 was determined. Furthermore, 
the conditions under which the study was performed were not particularly relevant to 
those experienced in the atmosphere with the pH of the solution of just 0. More 
recently this work has been extended (Barzaghi and Herrmann, 2002) to show that 
the nitration of phenol by NO3 I NO2 is achieved by the abstraction of a hydrogen 
atom followed by the addition of a molecule of NO2. The hydrogen atom may be 
abstracted through reaction with OH as well as with the NO3 radical to generate the 
phenoxyl radical. This intermediate then combines with NO2 to yield 2-nitrophenol 
and 4-nitrophenol in various ratios that are dependent on the pH and the manner of 
the initial attack. However, while the routes of nitration were studied more closely in 
this later work, the explicit reaction rates were not obtained. 
Another way in which phenols may be nitrated is through excitation of the nitrate 
and nitrite ions present in natural waters and in the atmosphere. Nitrate ions absorb 
sunlight in the UV range and their photolysis leads to the formation of nitrite ions 
and hydroxyl radicals. In a similar fashion, nitrite ions are photolysed to generate 
nitrogen monoxide and hydroxyl radicals. In the presence of phenol, the excitation 
of both of these precursors has been shown to yield nitrosophenol as well as 
nitrophenol. However, the exact mechanisms of these reactions are not as yet fully 
understood (Machado and Boule, 1995; Vione et al., 2001 a; Vione et al., 2001 b; 
Vione et al., 2002). 
In addition to the phase transfer of the nitrate radical, it is thought that the process of 
gas-to-liquid transfer of N205 may provide an efficient source of NO2 in the 
atmospheric aqueous phase. As highlighted in Section 1.7, N205 is produced in the 
troposphere by the reaction between NO2 and NO3, which result from the oxidation 
of NO by 03. This has been observed during field campaigns such as at Great Dun 
Fell in which the uptake and subsequent hydrolysis of N205 was considered to act as 
the main source of nitrate in cloud (Colvile et al., 1994). 
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If only a minor portion of this N205 were to react with aromatic compounds, then 
this would correspond to an important source of nitrophenols in the atmosphere. At 
present, the work that has been reported, such as that by Barletta et al. (2000), has 
concentrated on the nitrating action of N205 upon phenol in nonprotic organic 
solvents. This has shown that 2-nitrophenol and 4-nitrophenol are formed in various 
proportions depending on the polarity of the solvent. Nitration is thought to occur by 
the formation of a charge-transfer complex which evolves due to the addition of NO3 
to the phenol. Nitrophenol is produced by the elimination of nitric acid followed by 
the addition of NO2. 
In this work, the reaction between N205 and aqueous solutions of phenol has been 
studied. Furthermore, as highlighted in Section 1.7, the reaction between N205 and 
atmospheric waters containing Cl - has been shown to yield C1NO2 (George et al., 
1994; Schweitzer et al., 1998). This species is also capable of forming NO2 in 
atmospheric waters and may act as a nitration agent in the troposphere. As a result, 
C1NO2 has also been synthesised and its reaction with aqueous solutions of phenol 
studied. 
4.2 Safety and Risk Assessment 
As with all the experimental work described in this thesis, the risks were evaluated 
prior to starting each experiment and COSHH regulations were strictly followed. 
However, in these nitration experiments, special vigilance was required due to the 
highly corrosive and toxic nature of the gases involved. 
4.3 Off-line Synthesis of N 205 
As highlighted in Section 1.7, a route to phenol nitration is the substitution of NO2 
onto the aromatic ring. One of the possible sources of this species in the atmosphere 
is N205. Therefore it is necessary to produce sufficient quantities of N205 before the 
nitration of phenol can be investigated. 
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Although a number of syntheses have been reported, the preparation of a pure sample 
of N205 is not trivial. The main problem encountered is one of moisture 
contamination, which readily converts N205 to nitric acid. 
4.3.1 Experimental Procedure 
The method chosen was an adaptation of the synthesis reported by Davidson et al. 
(1978). In this case however, NO2 was used instead of NO. The apparatus was 
designed and made specifically for the synthesis and purification of N 205. It was 
constructed of borosilicate glass (Pyrex) and is shown in Figure 4.1. 
03 
Figure 4.1 Schematic of the apparatus used for the off-line production of N205. 
Ozone was produced using an electric discharge generator (Argentox type GL) at 
130 V with the flow of oxygen (BOC) set at 1.4 L mm'. Prior to entering the 
reaction vessel, the ozone was passed through a P205 drying trap to avoid moisture 
contamination. NO2 (99.5 %, BOC) was obtained from stores surplus supplies. The 
NO2 was also dried before use by passing through an additional P2O5 trap. However, 
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this step proved difficult as the gas condensed in the drying trap and was tricky to 
vapourise. Thereafter NO2 was admitted directly into the apparatus without passing 
through this drying stage. This was not considered to be a major problem as the gas 
was of high purity and was expected to be dry in the first instance. 
Before starting the reaction it was important to ensure that the apparatus was 
completely dry. This was achieved by heating the glassware using a heat gun under 
vacuum and then purging it thoroughly with ozone for 1 hr. The apparatus was 
evacuated once more (40 mins) before NO2 gas was introduced into trap A via tap 2. 
This was done under vacuum with gentle heating of the NO2 cylinder using a heat 
gun. After approximately 4 cm of solid NO2 (blue / white in colour) had been 
collected under dry ice and acetone, tap 2 was closed. The apparatus was wrapped 
with black sacks to avoid the photolysis of N205 and the dewar of dry ice and 
acetone was moved from trap A to trap B. Ozone was passed through tap 1A, over 
the solid NO2 and the products collected in trap B. The off-gas then passed out of 
tap 3, and through a trap containing a saturated solution of Ca(OH)2 to neutralise the 
discharge. A P2O5 trap was placed in between the glassware and the Ca(OH)2 trap to 
prevent moisture entering the system. During this time a considerable amount of 
brown gas (NO2) was emitted in the off-gas, indicating the incomplete reaction of 
NO2 with 03. After 90 mins a little brown liquid (NO2) remained in trap A, so a 
warm water bath was placed around it to aid evaporation. After a short time the 
liquid NO2 had disappeared from trap A and a creamy coloured solid had 
accumulated in trap B. 
The design of the glassware allowed simple purification of the crude product. By 
opening taps IB, 2 and 4 while closing tap 3, the ozone flow was reversed and the 
dewar was place under trap A to collect the purified N205. As before the off-gas was 
neutralised using a Ca(OH)2 trap prior to release into the fume cupboard. 
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4.3.2 Analysis 
The product was characterised by Fourier Transform InfraRed Spectroscopy 
(Perkin-Elmer Paragon 1000 FTIR Spectrometer). A glass cell with KBr windows at 
either end was attached to a vacuum line. The sample in the trap was removed while 
under liquid nitrogen and maintaining the darkened conditions. Having fitted the 
trap to the vacuum line, a diffusion pump (F203D) backed by a rotary pump 
(Edwards BS 2408) was used to evacuate the system. The trap was warmed gently 
and the sample vapour was allowed into the evacuated cell. The cell was wrapped in 
a black bag and taken to the FTIR spectrometer where the sample was analysed. 
4.3.3 Results 
Table 4.1 lists the characteristic stretching frequencies of N205(g) and their relative 
intensities (very strong, strong, medium) (Hisatsune I.C., 1962). 
Table 4.1 IR stretching frequencies for N205(g) 
Assignment Wavelength I cm' Peak Intensity 
Anti-symmetric NO2 stretch 1720 vs 
Symmetric NO2 stretch 1338 m 
Symmetric NO2 stretch 1246 s 
Anti-symmetric NO stretch(N-O-N) 860 m 
NO2 Deformation 743 s 
NO2 Rock (in plane) 577 vs 
NO2 Wag (out of plane) 577 vs 
Symmetric NO stretch(N-O-N) 353 vs 
NO2 Rock (in plane) 353 vs 
The initial attempt at producing N205 yielded a small amount of whitish product after 
one purification step. This was analysed by IR. Peaks at 1720 cm 1 , 1246 cm 1 and 
743 cm indicated the presence of N205 but large peaks at 1628 cm', 1600 cm' 
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together with minor peaks at 1270 cm' and 1261 cm' indicated that complete 
reaction of NO2  with 03 had not occurred and some unreacted NO 2 remained. 
In order to remove the impurity the procedure was repeated as described before in 
Section 4.3.1 while the purification step was performed a further two times. During 
the fmal purification, the crude product vapourised without requiring to be warmed 
using a water bath. The purified product appeared to be clean and white in colour. 
IR analysis (Figure 4.2) indicated that there might have been slight HNO3 
contamination, but the NO2 contamination previously experienced was almost 
entirely non-existent. 
Figure 4.2 IR spectrum of the successful off-line preparation of N205. 
Although this technique was shown to be a reliable method of synthesising a discrete 
amount of N205, it proved difficult to produce a steady stream of N20 5 in a suitable 
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carrier gas. In conclusion it was deemed far better to be able to produce a continuous 
flow of N205 for use on-line. 
4.4 On-line Synthesis of N 205 
The following synthetic method for the on-line production of N205 was obtained at a 
conference from a fellow PhD student (David Stewart, Cambridge University). The 
procedure described a flow system in which dry NO and 03 were mixed in a glass 
tube measuring 6 cm in diameter and 25 cm long (Figure 4.3). By adjusting the flow 
of NO (100 %) it was possible to control the reaction such that the brown region, due 
to NO2 formation, covered only the first 10 - 15 cm of the mixing vessel, leaving the 
remaining length of the tube clear. With the flows set in this manner it was assumed 
all of the NO2 had reacted and the flow exiting the system contained only N205. 
Brown region due 
to NO, formation 
/ 
NOr 	> > N205 
03 
(100 ml I mm) 
Figure 4.3 Schematic of the apparatus suggested for producing N205 on-line. 
However, due to the cost involved in purchasing compressed NO, it was decided that 
a similar system to produce N205 using NO2 should be developed. 
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4.4.1 Quantification of Ozone Concentration 
Before such flow systems could be investigated it was first necessary to gain 
information regarding the amount of ozone that the generator produced. By altering 
settings on the ozone generator and by adjusting the flow of oxygen into the 
generator, it was possible to produce streams of gas containing different 
concentrations of ozone. The concentration of 03 produced by the ozone generator 
was determined using iodometric titrations. 
Ozone was bubbled for a known length of time through a solution of KJ (2 M, 
100 ml pH 7) with K1 present in excess of the 03. The ozone oxidised the iodide to 
liberate triiodide (Equation 4.1). This was then titrated against sodium thiosulfate 
(0.1 M) with a few drops of concentrated H2SO4 using starch as an indicator 
(Equation 4.2). 
03+ 3I + 211 —'13 +02+ H20 	 (4.1) 
13 + 2S203 -' 31- + s406 
	 (4.2) 
The starch forms a blue complex with 13 which decolourises at the end point. 
According to the reaction of ozone with triiodide, the molar ratios are: 
03 : 13 : S2032 
1 :1 :2 
4.4.2 Optimisation 
During the quest to fmd the most reliable method of producing N205, several 
different parameters were altered. However, the basic system remained the same and 
is shown schematically in Figure 4.4. Oxygen (BOC) was passed through a mass 
flow controller (Tylan FC 280 SA) and into an ozone generator before being 
admitted into a reaction vessel constructed from borosilicate glass (Pyrex). This was 
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left for two hours which allowed the ozone generator time to stabilise whilst also 
drying the reaction vessel. After two hours, NO2 was introduced into the reaction 
vessel through a second mass flow controller (Tylan FC 280 SA). The reaction was 
allowed to proceed for 10 mins to allow the reaction to go to completeness before 
analysing the product gas. The glassware and the IR cell used in the experiments 
were covered with black insulting tape to minimise the photolysis of N205. 
Furthermore, reactions were carried out in the dark using a red light also to minimise 
the loss of product. In each instance the flow rates were controlled such that the ratio 
of reactants was maintained in a 2:1 ratio (Equations 4.3 and 4.4). 
NO2+03 — NO3+02 
	 (4.3) 
NO2 + NO3 - N205 
	 (4.4) 







750 ml mm 
c 	N 2O 
Figure 4.4 Schematic of the apparatus used for the on-line production of N 205 
Initial experiments employed an ozone generator (Ozone Generator Model 165, 
Thermo Environmental Instruments Inc. USA) which produced ozone in the order of 
20 - 100 ppm. This was used in conjunction with 20 ppm NO2 (BOC) as suggested 
by Msibi etal. (1994). However, it became apparent that this system did not produce 
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sufficiently high concentrations of the nitrating agent. Subsequent attempts were 
made using an ozone generator (Argentox type GL) which produced higher 
concentrations of ozone (of the order of a few percent) together with a 1 % mix of 
NO2 in air (BOC). These were mixed in a reaction vessel 26 cm long and 6 cm in 
diameter (Figure 4.4). By altering the flow rate of oxygen into the ozone generator 
and by altering the settings on the generator it was possible to control both the flow 
rate and ozone concentration of the gas emitted from the generator. The flow rate of 
the NO2 could then be altered so that the gases were mixed in the required 
proportions. However, unreacted NO2 was found to be present in the product gas 
mixture and it was decided that the reactant gases were not being given a sufficiently 
long contact time in which to react fully. To rectify this problem a larger reaction 
vessel was constructed 50 cm long and 8.5 cm in diameter with an internal volume of 
2.4 L. This provided an average residence time of 2.95 mins for the reactant gases. 
4.4.3 Analysis 
Initial qualitative analysis was achieved by filling a darkened IR cell with the product 
gas and analysing by IR absorption spectroscopy (Perkin-Elmer Paragon 1000 FTIR 
Spectrometer). 
Quantitative analysis was performed by bubbling the product gas through a Dreschl 
flask containing deiomsed water for a known length of time. By analysing the 
concentration of nitrate ions in the water it was possible to calculate how much N205 
had been produced. Note that one mole of N205 gave rise to 2 moles of NO3 as 
described in Equations 4.5 to 4.7 (Mozurkewich and Calvert, 1988). 
KT'-' 	
_.. KT f' '25(g) - IN2.J5(aq) 
N205( NO2 + NO3 	 (4.6) 
NO2 + H2O NO3 + 2fl 	 (4.7) 
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A Flow Solution 3000 Automated Flow Analyser (Perstort Analytical) was used to 
analyse the samples for nitrate. This works by first reducing nitrate to nitrite using a 
cadmium column and then analysing the amount of nitrite present in solution. Nitrite 
analysis is based on the reaction between sulphanilamide, 
N(Napthyl)-ethylenediamfllOfliUm (NEDA) ion and the nitrite ion. These react to 
give a purple coloured product which has an absorbance maximum at 543 nm. For 
quantitative analysis, a calibration curve was prepared in which absorbance at 
543 nm was plotted against the nitrite concentration of the standards. As the 
reduction colunm was an intrinsic part of this instrument, separate nitrate and nitrite 
analysis was not achievable. 
Ion Chromatography (IC) was also used to verify the amount of N205 produced. 
Whereas the colorimetric test analysed the effective sum of nitrate and nitrite, IC was 
able to quantify simultaneously the amount of both ions present in solution. A 
Metrohm 761 Compact IC instrument equipped with a Metrosep A Supp5 column 
was used to detect the anions in the samples. The eluants used were 3.2 mM Na2CO3 
and 1.0 mM NaHCO3 and IC net 2.0 software was used to acquire the data. 
4.4.4 Results 
The conditions that were finally implemented to generate a constant flow of N205 
were as follows. The flow of oxygen was maintained at 75 ml min' using a mass 
flow controller and passed through the ozone generator set at 130 V. This was 
shown by iodometric analysis to produce a reliable flow of ozone of approximately 
4.5 % with an upper limit of 5 % after the 2 hour stabilisation period. The flow of 
NO2 (1 %) was also controlled by a mass flow controller and was set at a flow of 
750 ml min* These gases were allowed to mix in the larger reaction vessel that 
measured 50 cm in length and 8.5 cm in diameter. With an internal volume of 2.4 L 
the vessel provided an average residence time of 2.95 mins for the gases in which to 
react. 
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Assuming the upper ozone concentration to be just short of 5 % the NO2 gas was 
always in slight excess. This had been deliberately implemented such that the NO2 
would not be oxidised further than N205. As a result, while the IR analysis 
consistently indicated that N205 had indeed been formed, with peaks at 1720 cm', 
1246 cm 1 and 743 cm, peaks corresponding to NO2 were also present at 1628 cm 1 , 
1600 cm' together with minor peaks at 1270 cm' and 1261 cm'. 
Nitrate and IC analysis of water samples gave concurrent results that indicated levels 
of nitrate that equated to a conversion of NO2 to N205 of between 75 and 80 %. It is 
worth noting, however, that these values were calculated based upon the amount of 
NO2 introduced into the reaction vessel and not upon the ozone concentration. The 
concentration of ozone was checked over the course of several days to ensure the 
same concentration was being reliably produced. Although the same settings on the 
ozone generator were deployed, the amount of ozone detected always varied slightly 
with the highest levels being 5 %. Sufficient NO2 was added to the reaction vessel 
such that it balanced the amount of ozone produced at this maximum output. As a 
result, in the vast majority of cases, it is likely that the NO2 would have been the 
reactant in excess and a yield of 100 % (with regard to the conversion of NO2 to 
N205) would not be achieved. This is in agreement with the IR spectra obtained 
which indicated the presence of the NO2 starting material in addition to the N205 
product gas. 
4.5 On-line Synthesis of CIN0 2 
For the purpose of the nitration experiments a continuous source of gaseous nitryl 
chloride was also required. Previous work in this field had generated mtryl chloride 
by conversion from N205 using an aqueous salt solution. This was achieved in smog 
chamber experiments and in a the wetted wall apparatus in which N205 was passed 
through a vertically mounted flow reactor with a constantly replenished film of NaC1 
solution being passed down the reaction vessel walls (George et al., 1995; 
Schweitzer et al., 1998). Results obtained using these techniques indicated that the 
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conversion of N205 to CIN02 was extremely efficient with almost 100 % yields 
obtained for solutions of NaC1 of 3 M or higher. It was thought that the reaction 
proceeded as described in Equations 4.8 to 4.10 (Behnke et al., 1997): 
N205(g) N205( 
	 (4.8) 
N205( 	N024 + NO3 
	 (4.9) 
N024 + Cl 	ClNO2() ClNO g 	 (4.10) 
Therefore, an experimental procedure based on that described by Behnke et al. 
(1995) was developed. However, in this work a horizontally mounted reaction vessel 
constructed of borosilicate glass (Pyrex), containing a small amount of NaCl solution 
was used. Passing gaseous N205 through a flow tube reactor with a reservoir of 
NaCl solution (4 M) was hoped to produce C1NO2 with high yield. 
4.5.1 Experimental Procedure 
Production of CIN02 was achieved by expanding upon the experimental apparatus 
employed during the synthesis of N205. An additional reaction vessel 26 cm long 
and 6 cm in diameter was filled with 100 ml of NaC1 solution (4 M) and placed 
downstream from the N205 setup (Figure 4.5). The stream of N205 passed over this 
solution and exited the vessel after a contact time of approximately 30 seconds. As 
before, the glassware was covered with black insulating tape and the reaction was 
performed under darkened conditions to avoid the photolysis of the gas phase 
species. 
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'Mass flow 75 ml min' 
ITI G 	flow > 'Mass' 
> Icontr = , 
	
I controller 	Ozone 
Generator1 
02 N2O F 	 CINO. 
759 ml mm 
C'l SOhtItiOfl 
Figure 4.5 Experimental set-up for the on-line production of CIN02. 
4.5.2 Analysis 
Initial qualitative analysis was performed by filling a darkened IR cell with the 
product gas and analysing by IR detection (Perkin-Elmer Paragon 1000 FTIR 
Spectrometer). This was done by evacuating the IR cell on a vacuum line and then 
opening it briefly to the flow of product gases. Due to the presence of moisture 
upstream in the synthesis, this was done rapidly so that the moisture did not degrade 
the KBr walls of the IR cell. Table 4.2 lists the characteristic stretching frequencies 
of CIN02 and their relative intensities (very strong, strong, medium) as reported in 
the NIST database which is available on the web at the URL: 
http://webbook.nist.gov/chemistrY/  
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Table 4.2 IR stretching frequencies for CIN02(g) 
Assignment Wavelength / cm 1 Peak Intensity 
NO2 a-stretch 1684 s 
NO2 a-stretch 1675 m 
NO2 s-stretch 1276 s 
NO2 s-stretch 1264 m 
NO2 scissors 792 s 
NO2 scissors 787 m 
OPLA 652 w 
Cl-N stretch 365 m 
NO2 rock 408 w 
Cl-N stretch 364 vs 
As with N205, quantitative analysis was performed by bubbling the product gas 
through a Dreschl flask containing deionised water for a known length of time. As 
CIN02 is not as soluble as N205 an additional flask was mounted in series to monitor 
for break-through. The samples were then analysed for nitrate by automated 
colorimetry (Flow Solution 3000 Automated Flow Analyser, Perstort Analytical). 
Ion chromatography (Metrohm 761 Compact IC equipped with a MetrosepA Supp5 
column) was used to determine the concentration of chloride ions to check that they 
were present in similar concentrations to the nitrate ions. Note that 1 mole of C1NO2 
gives rise to only 1 mole of NO3 as described in Equations 4.11 to 4.13 (Frenzel et 
al., 1998). 
- ('iKTf '.AP4'J2(g) - _11NJ2 (aq) 
C1NO2 (aq) Cl- + NO2 	 (4.12) 
NO2 + H20 NO3 + 2H 	 (4.13) 
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4.5.3 Results 
IR spectra (Figure 4.6) of different attempts to synthesise C1NO2 consistently 
indicated that C1NO2 was indeed present and that none of the N205 or the NO2 
precursor gases remained in the product stream. Peaks at 1684 cm 1 , 1675 cm 1 , 
1276 cm', 1264 cm' and 800 cm' indicated the presence of C1NO2 and the absence 
of peaks at 1720 cm' and 1338 cm 1  indicated that all of the N205 starting material 
had been consumed in the reaction. Furthermore, the peaks at 1628 cm 1 and 
1600 cm corresponding to NO2, that had previously been present in the N205 
spectrum, were absent in the IR spectrum of C1NO2. 
Figure 4.6 IR spectrum of the successful on-line preparation of CIN02. 
As before, quantitative analysis of the nitrating agent was performed using both 
nitrate and IC analysis. While both these techniques could be applied to determine 
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the amount of NO3 in solution, IC has the advantage of simultaneously determining 
the concentration of Cl in solution. As highlighted in Equations 4.11 to 4.13, a 
molecule of C1NO2 is thought to yield one chloride ion and one nitrate ion in 
solution. IC analysis of samples of water through which C1NO2 had been passed 
confirmed that the nitrate and chloride ions were indeed present in roughly equal 
amounts. The amount of nitrate in solution was determined by both techniques 
which were in good agreement. However, as C1NO2 is less soluble in water than 
N205, the amount of carry-over was significant. The amount of nitrate present in the 
second Dreschl flask was typically 30 .% of that of the first flask. As a result, 
accurate determination of the amount of C1NO2 present, and hence the conversion 
efficiency from N205 was not possible. However, the amount of nitrate trapped in 
solution was approximately half of the amount trapped using N205. This was as 
expected as only one mole of nitrate is formed with C1NO2 whereas two moles are 
produced with N205. 
Additional, albeit indirect, evidence was obtained through analysis of the amount of 
nitrated products formed during experiments investigating the nitration of phenol. 
Average amounts of nitrated product formed per minute for N205 and C1NO2 in 
aqueous phenolic solution (0.1 M) was calculated to be 452 and 459 j.tM min 1 
respectively. While the similarity in these values suggests that the concentration of 
the nitrating agents is similar, this result could also be affected by the relative 
nitration efficiency of the different nitrating agents. However, this effect was 
thought to be minimal due to the relatively high concentration of the phenolic 
solution. Consequently this evidence supports the belief that the conversion of N205 
to C1NO2 was achieved with high yield. 
4.6 Analysis of Nitrophenols 
Detection of trace levels of mtrophenol in aqueous samples requires sophisticated 
and sensitive analytical techniques. Current methods use Gas Chromatography (GC) 
and High Performance Liquid Chromatography (HPLC) which are capable of high 
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resolution and selective detection. In this work, GC analysis was the method of 
choice, primarily due to the availability of a working GC instrument. Prior to GC 
analysis it is necessary to extract the species of interest from the aqueous sample into 
an organic solvent suitable for injection into the instrument. However, phenolic 
compounds are soluble in water (phenol and 4-nitrophenol in particular) which 
makes extraction from the aqueous samples particularly difficult. 
Traditional methods such as liquid / liquid extraction, which use a solvent such as 
dichioromethane, strip the mtrophenol from the aqueous into the organic phase. 
Once in the organic phase the extracted material may be concentrated before 
analysis. Although this technique is straightforward and can achieve reasonably high 
recoveries, a major drawback is the use of large volumes of high purity flammable 
solvents. An ideal sample preparation technique should be solvent-free, simple, 
efficient and compatible with a wide range of applications. 
4.7 GC Analysis 
The term "chromatography" covers a number of techniques that resolve solutes based 
on different migration velocity when the sample is passed through a porous medium. 
The different components in a sample are separated because of their different affinity 
to a stationary phase which may be a solid or liquid. Sample components are carried 
over the stationary phase by a gas or liquid which is termed the mobile phase. 
Gas chromatography (GC) is a particular chromatography method in which chemical 
components are separated by passing the substance through a coiled column located 
inside an oven (Figure 4.7). The sample in the column is heated until the 
components vapourise. The different compounds are carried through the column at 
different speeds according to their size, affinity with the stationary phase, and boiling 
point. The length of time for a compound to pass through the column and be 
detected by the sensor is called the retention time and is specific for every different 
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compound. Therefore by comparing the retention times of the samples with those of 
the standards, the compounds may be identified and quantified. 





I I Column 
controls 	 I I 
I I oven I 
Column 
Figure 4.7 Simplified schematic indicating principles of gas chromatography. 
During this work a Hewlett Packard 5890 GC with an electron capture detector was 
used with a split injector system. Data were collected using a Perkin Elmer 
Turbochrom Workstation (version 6.1.0) software package. Each component of the 
system is discussed in turn. 
4.7.1 Injection System 
The injection system provides a means of transferring the sample onto the start of the 
column. Four main injection techniques are used in capillary gas chromatography: 
split, splitless, direct, and on-column injections. Each of these injection types has a 
specific application. In this case a split injector was the method of choice. 
Split injection is a vapourising-type injection method and is probably the most 
commonly used injection technique. The technique is designed to reduce the amount 
of sample reaching the column and is normally used with highly concentrated 
samples, with concentrations of each component ranging from 0.1 tg up to 
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20 tg p.L'. Since high carrier gas velocities are used to transfer the sample to the 
column, split injection provides the highest efficiency and resolution of any of the 
injection techniques used in capillary gas chromatography. In split injection, the 
sample is admitted into a heated injection port and is vapourised in an area of very 
high carrier gas flow. As the vapourised sample flows through the inlet liner, it is 
mixed with carrier gas. Because of differences between the carrier gas flow rate to 
the column and through the split vent, only a small portion of the sample is 
transferred to the capillary column while the bulk of the sample exits through the 
split vent port. 
4.7.2 Carrier Gas 
Gas chromatography requires a constant flow of gas with which the analytes are 
carried through the column. Although hydrogen is the ideal carrier gas for gas 
chromatography, the potential for explosion eliminates its usage. The preferred gas 
is therefore helium. Since humidity and oxygen in the gas system can damage the 
column, traps for moisture and oxygen were employed. 
4.7.3 Column 
In the gas chromatography technique the stationary phase is a polymeric film coated 
on the inner wall of the capillary column. Differences in the chemical and physical 
properties of the injected organic compounds and their interactions with the 
stationary phase are the basis for the separation process. Column selection is based 
on five factors: sample, stationary phase type, column internal diameter (ID) and 
stationary phase film thickness (which are related), and column length. 
Although other columns were tried, a 30 m long cross-linked and bonded Zebron 
ZB-5 (5 %-phenyl-95 %-dimethylpolysiloxane substituted, Phenomenex) capillary 
column, with 0.32 mm I.D. and 1.0 tm film thickness was found to produce the best 
results. This type of column was in accordance with the recommendations made in 
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the US EPA method No.604 for the separation of phenols (including nitrophenol) 
and has been extensively used in other studies (Bartak and Cap, 1997; Moder et al., 
1997; Mussmann et al., 1994; Mussmann et al., 1995; Ohlenbusch et al., 2000; 
Schafer and Engewald, 1995). 
4.7.4 Detection System 
The detector system of choice was the electron capture detector (ECD). The ECD is 
very sensitive for compounds containing electronegative functional groups such as 
halogens, peroxides, quinones, and mtro groups, but it is insensitive toward 
functional groups such as amines, alcohols, and hydrocarbons. As a result, the ECD 
offers good sensitivity for detecting nitrophenols but gives no signal for phenol itself. 
Therefore when analysing samples generated in experiments in which phenol is 
nitrated, the products formed will be detected without the detector being swamped by 
the phenol peak. 
The ECD consists of a sealed stainless steel cylinder containing radioactive 
Nickel-63. The Nickel-63 emits beta particles (electrons) which collide with the 
carrier gas molecules, ionising them in the process. This forms a stable cloud of free 
electrons in the ECD cell. When electro-negative compounds enter the cell, they 
immediately combine with some of the free electrons, temporarily reducing the 
number remaining in the electron cloud. The detector electronics which maintain a 
constant current through the electron cloud are forced to pulse at a faster rate to 
compensate for the decreased number of free electrons. The pulse rate is converted 
to an analog output which is connected to the data acquisition system. 
4.8 Solid Phase Microextraction 
As highlighted in Section 4.6, prior to GC analysis it is necessary to extract the 
species of interest from the aqueous sample into an organic solvent suitable for 
injection into the instrument. Solid-Phase Microextraction (SPME) is a technique 
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developed by Buchholz and Pawliszyn (1993; 1994) to overcome the limitations of 
traditional liquid / liquid extraction methods. The technique consists of two steps: 
partitioning of the analytes between a fibre coating and the aqueous sample, followed 
by thermal desorption of the concentrated analytes from the fibre into the analytical 
instrument. As a result, sampling, extraction, concentration and sample injection are 
combined into a single process. The SPME fibre is reusable and can be used to 
concentrate volatile, semi-volatile or non-volatile compounds in either liquid or 
gaseous samples. Furthermore, the method is fast, does not require the use of large 
quantities of solvent and can be used in conjunction with a GC (Hites and Budde, 
1991; Zhang etal., 1994). For these reasons SPME is the method of choice for many 
environmental sampling protocols (Herterich, 1991; Magbanua et al., 2000; 
Wennrich et al., 1995). 
4.8.1 The SPME Technique 
The SPME instrument, shown in Figure 4.8, consists of a 1 cm length of fused silica 
fibre that is coated with a polymer, bonded to a stainless steel plunger and installed 
in a robust holder. The plunger moves the fused silica fibre in and out of a hollow 
needle that is designed to protect the delicate polymer coating. As highlighted in 
Section 4.8, the technique first requires the analytes to be partitioned between the 
sample and the fibre coating. This is achieved by retracting the fibre into the 
protective needle and passing it through the septum that seals the sample vial, and 
exposing the fibre to the sample. The organic analytes, which may be present in the 
liquid or gas phase, are then adsorbed onto the coating on the fibre. After the 
adsorption equilibrium is attained, usually in 2 to 30 minutes, the fibre is drawn back 
into the protective needle, and withdrawn from the sample vial. Finally, the needle is 
introduced into the GC injector port and the fibre is exposed to allow the analytes to 
be thermally desorbed and delivered onto the GC column. 
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Figure 4.8 Schematic of the SPME instrument. 
The aim of the SPME technique is not to strip all the analyte from the sample but to 
consistently adsorb a constant fraction of the analyte from the sample matrix. This is 
controlled by the equilibria that are established between the analyte in the sample, in 
the headspace above the sample, and in the polymer coating on the SPME fibre. The 
amount of analyte adsorbed by the fibre depends on the thickness of the polymer 
coating and on the distribution constant for the analyte. The distribution constant 
describes the ability of a particular compound to absorb onto the SPME fibre and 
generally increases with increasing molecular weight and boiling point of the 
analyte. Extraction time is determined by the length of time required to obtain 
precise extractions for the analytes with the highest distribution constants. The 
selectivity of the technique can be altered by changing the type of polymer coating 
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on the fibre, or the coating thickness, to match the characteristics of the analytes of 
interest. 
In order to obtain high levels of accuracy and precision from the SPME technique, it 
is important that the sampling parameters, such as the sampling time, are kept 
constant for all the samples. Other parameters that should be maintained constant 
during the absorption step include the vial size and the sample volume and the depth 
to which the fibre is immersed in the sample. Additional factors that affect the 
partitioning of the analytes from the sample matrix include the pH of the sample, salt 
content of the sample and sample agitation. 
Although parameters such as those described above must be kept constant throughout 
all the analyses, it is possible for them to be adjusted in order to reduce the extraction 
time. One such factor is the manner in which the sample is agitated. If the sample is 
agitated very vigorously using a sonic bath the equilibrium time is very short, 
whereas using a magnetic stirrer the equilibrium time is typically much longer. 
Adding 25 - 30 % (wt / vol.) sodium chloride to the sample or changing the sample 
pH prior to extraction can increase the ionic strength of the solution. This has the 
effect of reducing the solubility of the analytes, thereby increasing the rate of 
partitioning onto the fibre. The addition of salt to a sample greatly increases the 
extraction efficiency for many analytes, particularly polar compounds and volatile 
species. Changing the pH can minimize the solubility of some analytes. Acidic and 
basic compounds are more effectively extracted at acidic and basic pH, respectively. 
4.8.2 Experimental Procedure 
SPME fibres coated with a polyacrylate phase of 85 J.tm thickness and a holder 
(Supelco) were used for the extraction of phenols from water. The fibres were 
conditioned before use to reduce bleeding, as recommended by the manufacturer. 
This was achieved by exposure to the helium carrier gas in the UC injector at 300 °C 
for 2 hrs. 
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Stock solutions of 2-nitrophenol, 3-nitrophenol, 4-nitrophenol and 2,4-dinitrophenol 
(30 ppm) were prepared. Initially, the samples were analysed separately so as to 
identify which peaks in the chromatogram corresponded to each species. After this 
was determined, the samples were combined and run as a mixed standard. Sample 
solution (25 ml) was pipetted into a sample vial for extraction by SPME. The sample 
was acidified by the addition of concentrated HC1 (20 tl) and saturated by the 
addition of NaC1 (7.5 g). This had the affect of significantly increasing the affmity 
of the analytes for the fibre, thereby reducing the extraction period. The fibre was 
then lowered into the sample vial and the solution stirred vigorously using a 
magnetic stirrer for 40 minutes. Care was exercised during the aqueous extraction to 
avoid immersing the steel support rod of the fibre in the sample, because the salinity 
and low pH of the sample would have corroded the supporting rod leading to 
mechanical failure and premature fibre replacement. Following extraction, the fibre 
was retracted into the holder and the device was transported to the GC for analysis. 
A desorption time of 7 minutes was found to be sufficient to desorb the nitrophenol 
from the fibre, with a subsequent blank performed to confirm no carry-over for the 
analytes. After desorption the fibre was immediately removed from the GC and 
immersed in water for 5 minutes to remove crystallized salt from the fibre. 
4.8.3 GC conditions while using the SPME Technique 
In addition to optimising the conditions for sample preparation it was also necessary 
to optimise each parameter governing the GC analysis of the samples. Previous 
investigations of the injector temperature indicated that a temperature of 250 °C was 
sufficient to desorb nitrophenols from the SPME fibre. High purity helium with a 
pressure of 12.0 psi was used as the carrier gas for all the analyses. Finally the 
detector temperature was maintained at 350 °C. At lower detector temperatures, 
more peak tailing was experienced, whereas at higher temperatures the response to 
nitrophenol was reduced. 
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In the literature referenced in this chapter many different temperature programs were 
used to separate the different nitrophenol isomers. These were all investigated to 
obtain the optimum peak separation between 2-nitrophenol, 4-nitrophenol and 
2,4-dinitrophenol. After many different temperature programs had been tried, the 
most effective separation was achieved by an adaptation of the one used by Buchholz 
and Pawlisyzn (1994): 
Initial temperature 	35 °C 
Initial time 	7 mins 
Rate of increase 	30 °C min' 
Final temperature 	160 °C 
Final time 	20 mins 
The initial temperature was set to 35 °C for a 7 minute time period so that the 
mtrophenol would have sufficiently desorbed from the fibre and would be 
concentrated at the start of the column. The temperature was then ramped swiftly to 
160 °C at which temperature the nitrophenols of interest were eluted (Figure 4.9). 
Figure 4.9 Chromatogram showing peak separations for the three nitrophenols 
extracted from solution using the SPME technique. 
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Initial results indicated that the peak separation using the optimised GC conditions 
were sufficient to examine each species individually. 
Retention times: 
2-nitrophenol 	 12 minutes 
2,4-dinitrophenol 	19 minutes 
4-nitrophenol 	 20 minutes 
4.8.4 Results 
As extraction is an equilibrium process, the fibre does not absorb all the nitrophenol 
present in the sample and so 100 % recovery is not the objective. However, by 
ensuring similar conditions for each extraction, it was hoped that the fibre would 
extract the same proportion of analyte from a particular concentration. Standard 
solutions were prepared of the four species at a range of concentrations in order to 
obtain a calibration curve for each compound (Figure 4.10). This was repeated the 
following day using the same fibre and then once more using an older fibre. This 
was done to investigate day-to-day reproducibility and to examine the consistency 
between fibres. 
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Figure 4.10 Calibration curves for each nitrophenol using the SPME technique. 
Although the desired linear graphs were not obtained, a certain degree of consistency 
on a day to day basis was achieved. However, to produce more accurate results, 
particularly between different fibres, a method including the use of an internal 
standard was developed. Chiorophenols were initially investigated as suitable 
compounds to act as an internal standard as the electronegative functional group 
would be easily detected by the ECD. Of the three chiorophenols tested, 
2,4-dichiorophenol was most promising as it was stable and gave a sharp peak in a 
clear part of the chromatogram (12.6 mins). However, after repeated injections the 
peak corresponding to dichiorophenol was prone to tailing. It was subsequently 
discovered that this was due to a carry-over of the dichiorophenol of up to 9 %. 
Despite increasing the temperature and the time of desorption, the tailing persisted 
and another internal standard was sought. 
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5-Methyl, 2-mtrophenol was purchased from ACROS. This was chosen as a 
potential internal standard as it is a clean crystalline solid which appeared in a clean 
region of the spectrum (14 mins). Initial results were good indicating that the 
carry-over of 5-methyl, 2-nitrophenol was comparable with those of the other 
nitrophenols of interest (less than 1.5 %). Subsequent calibration was performed by 
mixing the four nitrophenols and then adding 0.5 ml of 5-methyl, 2-nitrophenol. The 
nitrophenol peak areas could then be corrected by comparing with the 
5-methyl, 2-nitrophenol peak area. In this way calibration,curves for each of the 
nitrophenols were obtained. 
However, as a consequence of a number of problems experienced with the use of the 
SPMIE instrument, this line of investigation was ultimately abandoned. Firstly, the 
polyacrylate coating on the fibre proved to be particularly delicate. Despite 
conditioning the fibres before use and following recommended guidelines, the fibre 
would break with frustrating regularity. While the SPME fibres were stated to be 
designed to be reused up to one hundred times, during this method development 
period the fibres required to be replaced on a far more frequent basis. The fibres also 
broke inside the GC causing instrument downtime and potentially fouling the column 
as well as losing important samples. This was thought to be due to salt deposition on 
the fibre and housing, combined with low sample pH. Furthermore, while the 
method still possessed significant benefits over liquid / liquid extraction, it did not 
lend itself to the increasing automation necessary to handle the large number of 
samples to be analysed. To this end other techniques were investigated and Solid 
Phase Extraction was the natural alternative. 
4.9 Solid Phase Extraction 
Solid Phase Extraction (SPE) is a method for sample preparation in which a liquid 
sample is passed through a tube packed with absorbent material (Figure 4.11). In 
this way the solid stationary phase acts to selectively extract, concentrate, and purify 
target analytes prior to analysis by HPLC or GC. As with the SPME technique, for 
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many applications SPE offers better results than traditional liquid / liquid extraction 
with fewer complications. SPE provides a number of benefits over liquid / liquid 
extraction, including the following: 
• 	Improved selectivity and specificity. 
• 	Higher recoveries. 
• 	Enhanced removal of interferences and particulates. 
• 	Greater reproducibility. 
• 	More straightforward to use. 
• 	Ability to rapidly process multiple samples and facilitate automation. 
• 	Elimination of emulsions. 
• 	Enormous decreases in solvent consumption and reduction in the 
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Figure 4.11 Schematic of the SPE tube. 
The main factor that determines the extraction efficiency and the overall quality of 
the separation is the physicochemical properties of the sorbent material. SPE 
sorbents are available with a wide range of surface chemistries, pore sizes, particle 
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sizes, and base supports. Ideally, the SPE sorbent material should be chosen such 
that it retains only the target analyte without binding any of the contaminants present 
in the sample matrix. 
Silica-based SPE sorbents are the most widely used as they are easy to derivatise and 
can be manufactured reproducibly. By modification of the silica surface it is 
possible to dramatically alter the chromatographic selectivity of the sorbent material. 
As a result, they may be used to trap a range of analytes and may be used in a range 
of applications. Furthermore, on a more practical level they are also stable and 
immune to shrinking and swelling in common solvents. 
Polymer-based SPE sorbents are typically composed of highly cross-linked 
polystyrenedivinylbenzene (PSDVB or SDB). As with silica-based SPE sorbents, 
the polarity of the SDB surface can be modified by the addition of various functional 
groups. However, in contrast to bare silica, SDB is non-polar, and capable of strong 
hydrophobic and it- 7c interactions. As a result, this type of sorbent is particularly 
well suited to extracting polar organics such as phenols from aqueous samples. 
Indeed there have been a number of cases in the literature in which such SPE 
sorbents have been implemented as the extraction method of choice for phenolic 
compounds (Mussmann et al., 1994; Puig and Barcelo, 1995; Schmidt etal., 1993). 
4.9.1 Methods of Extraction 
SPE sorbents are most commonly categorised by the nature of their interaction with 
the target analyte: "reversed phase", "normal phase" and "ion exchange". Each of 
these mechanisms of action is now discussed in turn: 
The "reversed phase" extraction technique is commonly used to extract hydrophobic 
or even polar organic analytes from an aqueous sample. Hydrocarbon chains present 
on both the target compound and the sorbent material are attracted to one another by 
low energy van der Waals dispersion forces. Common reversed phase sorbents 
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contain saturated hydrocarbon chains as used in Cl 8 and C8 cartridges, or aromatic 
rings as found in Phenyl (P1-I) or Polystyrenedivinylbenzene (SDB) SPE tubes. 
Because the van der Waals dispersion interactions are relatively non-specific, 
reversed phase extractions typically retain a wide range of organic compounds. 
"Normal phase" retention mechanisms are commonly employed to extract polar 
analytes from non-polar organic solvents. The retention mechanism is based on 
hydrogen bonding, dipole-dipole and it- it. interactions between polar analytes and 
polar stationary phases such as silica and alumina. As a result, highly specific 
normal phase extractions can be obtained by optimizing the polarity of the solvents 
used in the extraction process. 
"Ion exchange" mechanisms are used to specifically extract charged analytes from 
low ionic strength aqueous or organic samples. Sorbents with charged substituent 
groups such as carboxylic acids or amino groups are used to retain analytes of the 
opposite charge. Because ion exchange mechanisms rely on specific, high-energy 
coulombic interactions between the sorbent and the analyte only species of the 
proper charge are retained by the colunm. As a result, most contaminants present in 
the sample are easily removed during the extraction process. 
4.9.2 Experimental Procedure 
Sample preparation with SPE typically consists of 5 basic steps: conditioning, 
sample loading, wash, drying and elution. These are now discussed in turn: 
Conditioning Step 
Before the sample is introduced, it is important that the SPE column is washed with 
an organic solvent of intermediate polarity such as methanol or isopropanol. This 
so-called conditioning step removes trapped air from the column and activates the 
adsorbent material, enabling it to interact more effectively with the target analyte. 
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The conditioning step is often followed by an equilibration step in which a solvent 
with similar properties as the sample is employed. These properties may be with 
respect to the solvent ratio, ionic strength or pH. This step helps remove the solvent 
used in the conditioning step and prepares the adsorbent material for the introduction 
of the sample. In general, solvent volumes are between two to four times the volume 
of the sorbent bed. Conditioning with less solvent increases the risk of incomplete 
solvation of the sorbent material resulting in low or irreproducible recoveries, while 
the use of larger volumes of solvent is unnecessary. 
Sample Loading 
The conditioning step is followed directly by the equilibration solvent and then by 
the actual sample. These steps are performed in quick succession in order to prevent 
the sorbent bed from drying out or losing solvation due to evaporation. The sample 
loading step includes any sample pre-treatment or dilution that may be required, as 
well as the actual application of the sample onto the SPE column. 
Wash Step 
After the sample has been loaded onto the column, a wash step is implemented to 
remove impurities that are retained by the sorbent material less strongly than the 
target analyte. Furthermore, sample components that are not bound by the sorbent 
are also removed. Clearly, the wash step must contain a solvent of intermediate 
strength: not as weak so that the impurities are retained by the sorbent and not as 
strong as to strip the species of interest that is bound to the sorbent material. For 
reversed phased extractions, the wash solvent typically consists of an aqueous 
mixture of either acetonitrile or methanol. 
Sample drying 
After the wash solvent has been passed though the column, the sample is dried by 
passing air through the column for 2 minutes. This ensures that the wash solvent 
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does not remain in the column and helps to produce a more concentrated extract with 
better reproducibility. 
Elation step 
The objective of the elution step is to remove all the analyte from the SPE column. 
This requires the use of a strong solvent that disrupts the analyte-sorbent interactions. 
For analytes that are to be analysed by GC, volatileelution solvents are typically the 
most desirable. The amount of solvent is typically kept to a minimum in order to 
improve the detection limits and analytical sensitivity. In general, around 0.3 mL of 
elution solvent is required for every 100 mg of sorbent bed mass. 
4.9.3 Optimisation of the SPE technique 
Strata SDB-L tubes were purchased (Phenomenex) to extract nitrophenols from 
aqueous samples. The SDB-based polymer sorbent material was chosen as it offered 
excellent selectivity for extracting aromatic solutes from aqueous solution. This acts 
in a classic reversed phase extraction manner whereby hydrophobic analytes 
containing aromatic rings or alkyl chains are extracted from aqueous solutions with 
non-polar sorbents. 
Tubes with a sorbent mass of 500 mg and reservoir volume of 6 ml were chosen. 
This size of tube was thought to provide a sufficient mass of sorbent material for the 
concentration of the phenolic solution and an adequate volume in which the sample 
could be placed. It is generally accepted that SPE cartridges retain a mass of solute 
that is equivalent to 5 % of the sorbent mass. However, breakthrough experiments 
were performed in the first instance to ensure that there was sufficient sorbent 
material with which to trap the nitrophenol in the samples. 
Of the many different forms in which SPE tubes are available, syringe barrel 
columns were preferred as shown in Figure 4.11. The sorbent bed is held in place 
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by porous polyethylene frits and the syringe barrel itself is manufactured from high 
purity polypropylene. The tubes are amenable to batch processing and automation 
and, after initial tests had been successfully completed, a vacuum manifold was 
purchased (Phenomenex). The Luer-tipped SPE tubes form an air-tight seal with 
each port of the manifold. Each port contains a stopcock valve, which can be 
individually adjusted in order to regulate the flow through each column. Since the 
vacuum pulls liquids through the colunm from the luer-tipped outlet, the column inlet 
and reservoir are open at all times. This allows the sample or solvents to be added 
directly to the tube, drawn through the sorbent by vacuum and routed either to the 
waste container or to individual collection tubes held inside the manifold. 
As noted in Section 4.9.2, a typical SPE procedure consists of 5 basic steps: 
conditioning, sample loading, wash and elution. The procedure that was used for the 
extraction of mtrophenol is described as follows: 
The sorbent bed was rinsed with one column volume of methanol in order to remove 
trapped air. This was followed by one colunm volume of water to prepare the 
sorbent for interaction with the sample. 
Internal standard (0.5 ml, 5-methyl, 2-mtrophenol) was added to a 10 ml aliquot of 
sample and then passed through the colunm. A flow rate of approximately 3 to 5 niL 
per minute was typically used during both the conditioning steps and the sample 
loading. While great care was taken to ensure that the sorbent was not allow to dry 
out at any time until after the sample had been loaded, if the cartridges were 
inadvertently allowed to dry the conditioning steps were repeated. 
Different washing techniques were explored to try to aid the drying of the sample 
prior to elution. This was done to minimise the amount of water which co-eluted 
with the fmal product. Common wash solvents are mixtures of water and small 
amounts of water-miscible organic solvents (e.g., 5 to 50 % methanol). However, it 
was decided to omit this step of the procedure as the washing step failed to solve the 
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problem. Furthermore, the wash stage is mainly implemented to rid the sorbent of 
unwanted contaminants, whereas in this system all the reaction products were 
ultimately required. The sorbent was then dried by pulling air through the column 
for 2 mins using a water pump. 
A number of solvents were tried, but the most affective at removing the adsorbed 
phenols proved to be ethyl acetate (approx I ml). As previously mentioned, a small 
amount of water was co-eluted with the ethyl acetate. Although several attempts 
were made to avoid this problem, it proved impossible to completely remove the 
water. As a result, the organic layer was removed using a pipette and transferred to a 
sample vial ready to be injected into the GC. 
4.9.4 GC Automation 
As samples were now prepared by the SPE technique rather than by SPME, they 
were in a format suitable for loading onto an autosampler. A Hewlett Packard 3396 
integrator was obtained and configured to control both the autosampler (Hewlett 
Packard 7673) as well as the GC itself. The same Hewlett Packard 5890 GC 
equipped with an ECD and a split injector system was used. As before, data from the 
GC were acquired by the PE Nelson interface, although this too was controlled by 
the HP 3396 integrator. In this way up to 100 samples could be loaded and run 
in absentia. 
4.9.5 GC conditions while using the SPE Technique 
As the samples were injected directly into the injection system in ethyl acetate, as 
opposed to having to let them slowly desorb from a fibre, it was possible to reduce 
the initial time of the GC temperature program and to increase the initial temperature 
of the column. As a result, the temperature program was altered once more to obtain 
the optimum peak separation between the nitrated phenols. After many variations, 
the most effective peak separation was achieved by maintaining a constant 
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temperature before ramping the temperature at the end of the run to ensure that no 
contaminants remained on the column. Results indicated that the peak separation 
using the optimised GC conditions were sufficient to examine each species 
individually (Figure 4.12). 
Initial temperature 	140 °C 
Initial time 	40 mins 
Rate of increase 	30 °C min' 
Final temperature 	230 °C 
Final time 	 5 mins 
The injector and detector temperatures remained as before, at 250 °C and 350 °C 
respectively. 
Figure 4.12 Chromatogram showing peak separations for the four species of 
interest. 
Retention times: 
2-nitrophenol 	 6 minutes 
5-methyl, 2-nitrophenol 	9 minutes 
2,4-dinitrophenol 	24 minutes 
4-nitrophenol 	 30 minutes 
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During the actual nitration experiments, samples were produced with a large amount 
of phenol present in addition to the nitrophenols. To investigate the validity of the 
SPE technique, experiments were undertaken to ensure that the presence of phenol 
did not interfere with the detection of the mtrophenol products. Furthermore, it was 
intended that samples be generated under both acidic and basic conditions. 
Therefore experiments were also performed to test the legitimacy of the SPE 
technique under acidic and basic conditions. 
Samples of mtrophenol that were spiked with phenol proved to generate consistent 
results over a range of phenol concentrations. However, while acidified samples 
gave satisfactory results, those solutions with additional base proved to be unreliable. 
As a result, samples generated under basic conditions were acidified to pH 5.5 using 
a few drops of concentrated nitric acid prior to SPE and GC analysis. 
4.10 Experimental Procedure for Nitrating Phenolic Solutions 
The apparatus was constructed of borosilicate glass (Pyrex) and was designed and 
made specifically for the nitration of liquid phase species (Figure 4.13). The 
reaction vessel was fitted into an outer casing through which coolant from a 
temperature-controlled recirculation bath (Cole Palmer Polystat Constant 
Temperature Circulator) was pumped in order to maintain a constant temperature 
throughout the liquid phase. The nitration flask itself was 27 cm in length and 
4.5 cm in diameter. With 150 ml of phenol solution in the reaction vessel, the liquid 
was 11.5 cm deep. Either N205 or CIN02 was made immediately upstream as 
described in Sections 4.4 and 4.5 respectively. The nitrating gas could be diverted 
using a 3-way tap either to the reaction vessel or to Dreschl flasks for nitrate 
analysis. The gas passed through a heat exchange system to ensure the gas entering 
the nitrating vessel was at the same temperature as the liquid through which it was to 
be passed. The gas was introduced through a tapered glass tube which extended 
8.5 cm into the phenolic solution. All the glassware was covered with black 
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insulating tape and reactions were carried in the dark using a red light to minimise 






Figure 4.13 Schematic of the set-up for the nitration experiments. 
Aqueous phenol solutions were prepared by weighing out the appropriate amount of 
phenol and dissolving it in deionised water (10 MK2 cm, Whatman, Analyst 25) with 
the aid of an ultrasonic bath (Grant, XBI4). Concentrations of 0.1 M, 0.01 M, 
0.00 1 M and 0.0001 M phenol were used. 
Once the nitrating agent had been generated, the gas was passed through deionised 
water (200 ml) for 1 minute. The sample was sealed and placed in a fridge until 
nitrate analysis could be performed. This was performed at regular intervals 
throughout the nitration experiments to confirm that the concentration of nitrating 
agent remained constant throughout the duration of the nitration experiments. 
After an initial period in which the procedure was tested, samples were generated in 
triplicate. Reactions were performed using N205 and CIN02 at two temperatures 
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(20 °C and 5 °C) and at four concentrations (0.1 M, 0.01 M, 0.001 M and 0.0001 M) 
of phenol and phenol with additional Na2CO3 (0.2 M). For each permutation, 
samples were produced in which the nitrating agent was allowed to pass through the 
phenolic solution for 1 minUte, 5 minutes and 10 minutes. After each sample had 
been generated it was transferred to a bottle for storage and the reaction vessel was 
cleaned thoroughly. Samples generated under basic conditions were neutralised with 
a few drops of concentrated nitric acid and the pH reduced to pH 5.5 (pH Checker ® 
Hanna Instruments) prior to analysis. 
4.11 Initial Findings 
GC analysis of the initial nitration experiments indicated that both 2-nitrophenol and 
4-nitrophenol were formed, although 2,4-dinitrophenol was not observed in the 
product mixture. However, an extra peak was observed in the chromatogram at a 
retention time of 12 minutes. To determine the nature of the extra peak, additional 
chromatographic analyses were performed using GC-MS (Hewlett Packard 6890 GC 
with 5973 Mass Selective Detector). This confirmed the peaks for 2-nitrophenol and 
4-nitrophenol and indicated that the additional peak was due to 4-nitrosophenol. 
Consequently, 4-nitrosophenol was purchased and the retention time shown to be the 
same as that of the additional peak. Fortunately, the peak due to 4-nitrosophenol 
appeared in a clean part of the chromatogram so no further GC optimisation was 
required to separate the products formed by the nitration experiments. 
However, the presence of 4-mtrosophenol in the product mixture led to difficulties in 
the preparation of the standard solutions. As 4-nitrosophenol is not very soluble in 
water it was dissolved first in methanol (30 %) and then made up with water. The 
4-nitrosophenol was then combined with the other nitrophenols and used as a mixed 
standard. As the species were calibrated against an internal standard the effect of 
adding methanol prior to SPE did not have a large effect upon the calibration of the 
nitrophenols. However, the difference in solubility of the 4-nitrosophenol in the 
standard solution and that of the sample was thought to have led to an overestimation 
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in the concentration of the 4-nitrosophenol in the samples. In the scenario in which a 
0.0001 M solution of phenol was nitrated for 10 minutes, calculations suggested that 
over 100 % yield had been achieved. Because this clearly cannot be the case, the 
experimental technique was analysed to determine the source of this error. Errors 
associated with the preparation of the initial solutions of phenol and the standard 
solutions were considered to be relatively small. Furthermore, the samples were 
produced in triplicate and the standards were run at the start, middle and end of a GC 
run to ensure consistency throughout the analyses. As a result, it was thought that 
the' difficulties lay with the determination of the concentration of 4-nitrosophenol. 
Since the standard solutions were made using a mixed solvent in which 
4-mtrosophenol was more soluble, the amount retained by the SPE cartridge would 
be less than the amount retained in the experimental samples in which the solvent 
was solely water. The amount of 4-mtrosophenol in the sample would therefore be 
an overestimation of the true amount. To address this problem the scenario that 
generated the largest overestimation of products was identified and the concentration 
of 4-mtrosophenol was reduced such that the overall yield of the product species was 
95 % of the initial phenol concentration. The scaling factor that was used to achieve 
this reduction was then applied to all the 4-nitrosophenol concentrations. 
in addition experiments were also conducted to determine whether the nitrated 
products were formed by the N205 gas or whether residual NO2 or nitric acid had 
played a part in the nitration process. In order to check this, in one experiment NO2 
was passed directly through a solution of phenol, and in another experiment a 
solution of phenol was acidified through the addition of concentrated nitric acid. No 
nitrated products were detected by SPE-GC-ECD analysis in either experiment, 
confirming that the nitration had resulted from the introduction of N205 into the 
system. 
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4.12 Product Studies 
An important aspect of this work was to determine the major products of the reaction 
between the nitrating gas and aqueous solutions of phenol. While the experiments 
were performed over different time intervals and using different phenol 
concentrations and temperatures, there was no evidence for a relationship between 
any of these factors and the product ratio. Consequently, product ratios were 
averaged across temperature, concentration and time and the results obtained are 
presented in Table 4.3. 
Table 4.3 Product ratio of the species formed during reaction. The values 
quoted are as a percentage of the total products. Errors are expressed as the 
standard deviation from the mean. 
Reagent Solvent 2-nitrophenol / % 4-nitrosophenol / % 4-nitrophenol I % 
N205 water 14 ± 5 80 ± 7 6 ± 5 
N205 base 61±10 0 39±10 
CIN02 water 10 ± 5 80 ± 12 10 ± 7 
C1NO2 base 32± 13 49± 14 19±2 
Although temperature and concentration had little effect upon the product ratio, 
adding base to the system had the effect of considerably reducing the amount of 
4-mtrosophenol produced. In fact, while using N205 as the nitrating gas, no 
4-nitrosophenol whatsoever was produced under basic conditions. This observation 
could either be a result of the more effective nitration reaction with respect to 
mtrosation at higher pH, or be due to the better oxidation of 4-nitrosophenol to give 
4-mtrophenol. The fact that absolutely no 4-nitrosophenol was observed suggests 
that the mtrosation reaction itself was the process that was affected by basic 
conditions. Furthermore, fast oxidation of any 4-nitrosophenol would be expected to 
yield 4-nitrophenol. As the ratio between 2-nitrophenol and 4-mtrophenol remained 
largely unaffected throughout all the experiments, this seems the more likely 
explanation. 
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Of the two nitrophenol isomers formed it is interesting to note that 2-nitrophenol was 
the more abundant product. This is particularly interesting as it is acknowledged that 
2-nitrophenol is the sole product of the gas phase nitration of phenol (Bolzacchim et 
al., 2001). Therefore any 4-nitrophenol formed in the atmosphere is thought to be a 
result of condensed phase reactions. From the results obtained here it seems as 
though it is equally, if not more, possible to generate 2-nitrophenol in the aqueous 
phase as it is to generate 4-nitrophenol. As previously mentioned there appeared to 
be little evidence for a systematic effect of temperature, concentration or base. 
Results consistently indicated that dinitrophenols (specifically 2,4-dinitrophenol) 
were not produced under any reaction conditions. To investigate this finding further, 
experiments using low concentrations of phenol were conducted in which the 
reaction was allowed to continue for 30 minutes. It was thought that under these 
conditions the reaction to give a di-substituted product, namely 2,4-dinitrophenol, 
might have occurred. However, this was not found to be the case. This fmding is 
consistent with reports of organic preparations of 2,4-dinitrophenol in which it is 
stated that much more severe conditions are necessary to generate the di-substituted 
product (Streitweiser and Heathcock, 1985). Indeed it is recommended that the 
synthetic preparation of 2,4-dinitrophenol is achieved not by the nitration of phenol 
but by the dinitration of chlorobenzene followed by the hydrolysis of the resulting 
2,4-dmitrochlorobenzene. 
4.12.1 Reaction mechanism 
In order to gain a better understanding of the chemistry that occurs during this 
process it is necessary to consider the reaction mechanism. While an understanding 
of the reaction mechanism might help explain the presence of the 4-mtrosophenol as 
a major product, it is also necessary in order to extract some kinetic infonnation from 
the data. 
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The reaction between the nitrating gases and phenol was expected to follow the 
classical nitration mechanism as presented in Figure 4.14. As shown here, many 
syntheses generate the nitrating agent, NO2, using a mixture of concentrated nitric 
and sulphuric acids. The nitronium ion reacts with the aromatic molecule to yield a 
carbocation intermediate. Loss of a proton from this reactive intermediate gives the 
neutral substitution product (McMurry, 1992). Although in this work the mtronium 
ion was produced using the gases N205 and C1NO2, the reaction between NO2 and 
phenol was expected to proceed by the same mechanism. 
- 	H 
—NO2+H2SO4 	 S . _____ 1+ H—O—NO2 + HSO4- 
00 
H—-NO2 + HSO4- - - H20+NO2 
OH 	 FOH 	 1 	OH 	- 
NO 	I NO 
6NO2+ 	
+ H30 
Figure 4.14 Classic mechanism of the nitration of phenol to yield nitrophenol. 
Here nitration is shown at the ortho position, although para substitution is also 
possible with the product ratio dependent upon the exact experimental conditions. 
In the case of phenol, the major products are 2- and 4-nitrophenol because the 
hydroxyl group is ortho / para directing. This effect is due to the hydroxyl group 
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donating lone pairs of electrons onto the ring that can only be shared in the ortho and 
para positions, but not in the meta position. Only the ortho and para substituted 
mtrophenols have resonance forms in which the positive charge is stabilised by 
donation of an electron pair from oxygen (McMurry, 1992). 
The ortho / para directing effect of phenol was evident from the experimental results 
presented in Table 4.3. However, in addition to the 2- and 4-nitrophenol that were 
formed as had been expected, 4-nitrosophenol was also observed. 
Classical mtrosation reactions are thought to proceed in a similar manner as the 
nitration reactions shown in Figure 4.14, but with NO4 rather than N024 as the 
substituting nucleophile. However, in this work the active species that was generated 
was thought to be the N024 cation rather than NO4. Nevertheless, nitrosation 
reactions frequently accompany nitration reactions (Taylor, 1990). In the case of 
phenol, thtrosation reactions are thought to occur through the oxidation of phenol by 
N024 to generate the NO4  species which may then itself attack phenol (Sykes, 1986). 
The nitrosating agent, NO, is a weaker electrophile than NO2t As a result, the 
nitrosation reaction occurs in the para position as it is deterred from the ortho 
position by the stenc bulk of the water molecules hydrogen bonded to the hydroxyl 
group (Baer et al., 1970). The mtrosophenol may subsequently be oxidised by NOj 
to produce nitrophenol, thereby regenerating the NO 4 cation (Taylor, 1990). When 
this step occurs the NO has acted in a catalytic fashion as there is no net loss of NO 
during the process as a whole. 
Another way in which nitrosophenol may be produced is through the reaction of 
phenol with NO4  formed by the reaction of N204 gas with water (Equations 4.14 to 
4.16). As discussed in Section 4.4.4, the on-line synthesis of N205 was conducted 
such that NO2 was always in slight excess to avoid the complete oxidation of NO2 to 
give NO3. This stoichiometry was also implemented in order that 03 would not be 
introduced into the nitration vessel. Had this been allowed to occur it would have 
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further complicated the system as ozone reacts with phenolic compounds to generate 
a number of ring opened species (Bailey, 1982). 
2NO2 (g) N204 (g) 	 (4.14) 
N204 (g) + H20 (1) HNO2 + NO3 + H4  (1) 	 (4.15) 
I-1NO2 + 
j{f 	H20 + NO 	 (4.16) 
As highlighted in Section 4.4.4, the reaction between 03 and NO2 was thought to 
proceed with a conversion of NO2 to N205 of between 75 and 80 %. Of the 
remaining NO2 that might enter the system (0.2 % in air) calculations indicated that 
only around 1 % of this would exist as N204. Experimentally it was also shown that 
passing only NO2 through the system failed to generate any nitrated phenols. 
Furthermore, the IR spectra obtained for N205 showed small traces of NO2 but no 
traces of N204. Indeed spectra obtained for C1NO2 failed to show the presence of 
either NO2 or N204, and yet 4-nitrosophenol was formed in nitration experiments 
using CIN02 as the nitrating agent. This suggests that the nitrosophenol was 
produced by NO4 formed by the reaction of N02 4  with the phenol present in the 
liquid rather than by the presence of NO generated directly from N204. 
This method of generating NO might also explain why nitrosophenol was not 
observed under basic conditions. The production of mtrosophenol requires NO2 to 
react with phenol to generate NO which then reacts with a further molecule of 
phenol. Phenols are weak acids that dissociate to a small extent in aqueous solution 
to give H30 and a phenoxide anion. Under basic conditions, in which the 
phenoxide anion is more prevalent, the negative charge on the oxygen is shared 
around the ring at the ortho and para positions. This in turn will increase the 
attraction of the NO2 cation to the aromatic ring at the ortho and para positions. As 
a result, it is postulated that under basic conditions, the dissociation of phenol has the 
effect of increasing the likelihood of a successful reaction between NO2 and phenol 
in the aqueous phase to generate nitrophenol. This would explain why there is a 
reduction in the amount of nitrosophenol formed under basic conditions whilst using 
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both N205 and C1NO2 as the nitrating agent. However, while there is a total lack of 
nitrosophenol produced using N205 there is only around a 50 % reduction in the case 
of C1NO2. The precise reason for this difference is unclear although it appears to be 
a feature of the nitrating agent itself. 
4.13 Data Analysis 
A further aim of these nitration experiments was to try to extract some kinetic 
information for the reaction between the nitrating gas and the aqueous solutions of 
phenol. Experiments conducted using the most dilute phenolic solutions (100 .tM) 
indicated that under these conditions the reaction was limited by the amount of 
phenol present in solution. Figure 4.15 plots the production of nitrated products as a 
function of time for a 100 tM solution of phenol. At these low phenol 
concentrations it appears as though the reaction follows a pseudo-first order reaction 
rate in which the product formation depends on the concentration of phenol 
remaining. It is also evident from Figure 4.15 that after 10 minutes the amount of 
products formed has levelled off considerably and has almost reached the limit of 
100 M, the starting concentration of the phenol precursor. Note that the solid line 
shown here is for guidance only and does not represent a specific fit to the data. 
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Figure 4.15 The observed increase in the total concentration of products over 
time. Data plotted are for nitration of a 100 jiM solution of phenol, in base, at 
5 °C using N205. The error bars indicate the standard deviation from the mean, solid 
line is for guidance only. 
The profile of the graph shown in Figure 4.15 is in contrast with that shown in 
Figure 4.16 in which a more concentrated solution of phenol (0.1 M) was used. 
Under these high phenol conditions the reaction proceeds in a linear fashion, limited 
only by the amount of nitrating gas introduced into the system. In this case it appears 
as though the reaction follows a zero order reaction rate in which the amount of 
product formed is independent of the phenol concentration. Again a solid line has 
been drawn in order to highlight the linear nature of the data and does not represent a 
specific fit for the purpose of data analysis. 
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Figure 4.16 The observed increase in the total concentration of products over 
time. Data plotted are for nitration of a 0.1 M solution of phenol, in base, at 
5 °C using N205. The error bars indicate the standard deviation from the mean, solid 
line is for guidance only. 
The error bars shown in Figures 4.15 and 4.16 represent the standard deviation from 
the mean of the three replicate analyses. It is evident that the largest relative errors 
were associated with the analysis of the products generated by the lowest 
concentration of phenol (0.0001 M) shown in Figure 4.15. This was thought to be 
due to difficulties in the GC analysis of these low concentrations samples and must 
be considered as a source of error throughout the analysis of the experimental data. 
It is important to note that while the data shown in Figures 4.15 and 4.16 represent 
the kinetic profiles of the sum of the products, the same kinetics were observed for 
each of the three products separately. As a result, it was thought that considering the 
data in terms of the total nitrated products was a valid approach towards the analysis 
of the experimental data. 
In an attempt to extract some useful kinetic information from this system, three 
different approaches towards data analysis have been developed. These are 
presented in Sections 4.13.1 to 4.13.3. 
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4.13.1 Analytical approach towards data analysis 
As a result of the difference in the kinetics that controls the nitration process at low 
and high phenol concentrations (Figures 4.15 and 4.16), it is necessary that the two 
extreme cases are considered separately. The overall nitration process is illustrated 
in Figure 4.17 and may be broken down into several discrete reactions as described 
by Equations 4.17 to 4.29. Throughout this section the data analysis is described in 
terms of the loss of phenol. However, it was the increase in the concentration of 
nitrophenol that was experimentally measured. It was therefore assumed that the loss 
of phenol is equal to the increase in the amount of nitrated products. 
N2 05() ( ii N205(q)4 	NO 3  + NO, _PH NP + H 
H2O 
V 
2H + NO 3 
Figure 4.17 Schematic indicating the phase transfer of N205 followed by 
dissociation to generate NO2. This may then react with either the phenol 
present in solution (PH) to give "nitrated" products (NP), or with water itself. 
For experiments with both N205 and C1NO2, the actual nitrating agent is presumed to 
be the NO2 cation which is generated by the phase transfer of the nitrating gas. 
Throughout this data analysis section, N205 is considered as the nitrating gas, 
although the reaction of CIN02 is expected to occur in a similar fashion. 
The first process that occurs is the transfer of N205 from gas to the liquid surface 
which is described in Equation 4.17. 
[N 205 1 	= HpN2O5 	 (4.17) 
where: 
[N205}surfce is the amount of N205 at the liquid surface / mol U'. 
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H 	 is the Henry's Law coefficient / M atm'. 
PN205 	 is the partial pressure of N205 / atm. 
The molecules of N205 may remain at the liquid surface or be taken up by the bulk, 
described by (N205)buIk. This equilibration between the surface and the bulk liquid is 
shown by Equation 4.18 in which the forward rate coefficient is described by km and 
the reverse rate coefficient by -k'm . 
(N205)surface 	(N205)bulk 
	 (4.18) 
Formation of NO2 occurs through the dissociation of N205 (Equation 4.19) with a 
forward rate coefficient of kd and a backward rate coefficient of—k'd. 
(N205)bulk NO + NO3 
	 (4.19) 
The NOj cation may then react with either the phenol present in solution, or with 
water itself. These reactions are described by Equations 4.20 and 4.21, with k2 used 
for the bimolecular rate coefficient for of the reaction of NO2 with phenol, and k, 
the pseudo-first order rate coefficient for the reaction of NO2 with water. 
phenol + NO2 -' product 
	 (4.20) 
NO2 -' NO + 2H 
	
(4.21) 
Writing F as the phase transfer flux (i.e. the rate of formation of NO2 in solution) 
the kinetic equation for NO2 in solution is: 
d[NO 2 ]  
dt 
= F - k {NO2 1- k2 [NO2 pheno1] 	 (4.22) 
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Using the steady state approximation it was assumed that over a short time frame the 
F 	+1 
	
concentration of NO2 remained approximately constant i.e. 
d1NO2 ' 	• Therefore 
Equation 4.22 yields, 
F = k[N021 + k2[NO2 [phenol] 	 (4.23) 
where: 
F 	is the rate of formation of NO2 in solution / mol U 1 s'. 
k 	is the pseudo-first-order rate coefficient for reaction of NO2 with 
water / s'. 
is the second-order rate coefficient for the reaction of NOj with 
phenol / L mol' s 1 . 
Equation 4.23 may be rewritten to give: 
[No 2 
+ 1 	F (4.24) 
k + k2 [phenol] 
The observed rate of loss of phenol is given by, 
— d[phenol] = 
k2 [No 2 + 
 Iphenol] = k2F[phenol} 	(4.25) 
cit 	 k,, + k 2 [phenol] 
Low Phenol Concentrations 
At sufficiently low phenol concentrations k 2[phenol] << k,4 , and Equation 4.25 
simplifies to yield, 
— d[phenol] k,F[phenol] 	 (4.26) 
cit 	kw 
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Integrating with respect to time, t, gives: 
1 [phenol0 ] = k,F: 	 (4.27) 
[phenol 1 ] 	k 
Therefore a plot of In 	ajainst time gives a straight line with 	as the 
	
[phenol1] 	 k. 
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Figure 4.18 Plot of In [-p--- 	against time for a 100 p.M solution of phenol, in 
[phenol 1 ] 
base, at 5 °C and nitrated using N205. The solid line is the linear least squares fit 
to the data and has gradient equal to 	The error bars indicate the standard 
k . 
deviation from the mean. 
High Phenol Concentrations 
At sufficiently high concentrations of phenol, the rate of reaction is determined by 
the rate of phase transfer only. Provided that k, is small relative to k2[phenol] 
(i.e. k2[phenol]>> k1 .), then Equation 4.25 simplifies to yield: 
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- d[phenol} = 	 (4.28) 
dt 
Integrating with respect to time gives, 
[phenoljo-[phenol], = Ft 
	 (4.29) 
Therefore a plot of the change in phenol concentration ([phenol]o-[phenol]t) against 
time gives a straight line with F as the gradient. An example of one such plot is 













0 	100 	200 	300 	400 	500 	600 
Reaction Time I secs 
Figure 4.19 Plot of the observed increase in the concentration of products 
against time for a 0.1 M solution of phenol, in base, at 5 °C and nitrated using 
N205. The solid line is the linear least squares fit to the data, and has gradient equal 
to F. The error bars indicate the standard deviation from the mean. 
Results and Discussion 
The data analysis described in Section 4.12 could only utilise the experimental 
results acquired at 100 jiM (low phenol concentration) and 0.1 M (high phenol 
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concentration). Values for 	were determined by plotting the data obtained from 
k. 
the experiments that used 100 iM solutions of phenol while the phase transfer flux, 
k 




(from 100 j.tM results) by the corresponding value for F (from the 0.1 M phenol data) 
it was possible to generate values for LZ  for each set of reaction conditions. Values 
for k2 were then calculated by multiplying 
k 2 by a value for k reported by Behnke 
et al. (1997). Estimates for k2 produced by this method are presented in Table 4.4. 
Table 4.4 Data acquired from nitration experiments together with calculations 
leading to the determination of the rate coefficient for the reaction of NO2 with 
phenol. 
Reagent Solvent T 1 °C k2F F 
a 
N205 water 20 1.36x10 3 4.53x10 301 1.47x10 12 
N205 water 5 l.57x10 3 4.43x10 356 1.74x10' 2 
N205 base 20 5.39x1W3 3.41x10 1578 7.73x10 12 
N205 base 5 5.25x10 3 2.87x10 1831 8.97x10' 2 
CIN02 water 20 2.03x10 3 3.32x10 611 2.99x10' 2 
CIN02 water 5 2.21x10 3 3.44x10 642 3.14x10 12 
CIN02 base 20 3.22x10 3 8.88x10 362 1.77x10'2 
CIN02 	- base 5 4.66x10 3 8.92x10 523 2.56x10' 2 
a 	calculated using a value of 4.9x 1 
9  s 1 for k as reported by Behnke et al. 
(1997). 
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where: 
was calculated from the low phenol concentration data and has units 
of s. 
F 	was calculated from the high phenol concentration data and has units 
of mol U 1 s. 
is the ratio of the rate coefficient for the NO2 + phenol reaction 
relative to the rate coefficient for the NO2 + water reaction / L mor'. 
k2 	is the second-order rate coefficient for the reaction of NO2 with 
phenol / L mol d s. 
Statistical analysis (ANOVA) of the values for 
kF
suggests that there is little 
w 
difference with either temperature or nitrating agent. As previously highlighted, 
these values were derived from the low concentration data, which have been shown 
to be the least accurate due to experimental difficulties. As a result, it was decided to 
average the data obtained for N205 and C1NO2 as well as for temperature. The new 
averaged data are shown in Table 4.5. Note that the order in which the data are 
displayed has been altered such that the reactions performed in water are displayed at 
the top of the table and those generated in base are at the foot of the table. 
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Table 4.5 Manipulation of the experimental data highlighting values for k2 
calculated directly and by averaging values assigned to 






N 205 water 20 1.79x10 3 4.53x10 396 1.94x10 12 
N205 water 5 1.79x 1 
0-3 4.43x10 405 1.98x10 12 
CIN02 water 20 1.79x10 3 3.32x10 540 2.64x10'2 
CIN02 water 5 1.79x10 3 3A4x10 521 2.55x10 12 
N203 base 20 4.63x10 3 3.41x10 1356 6.65x10 12 
N205 base 5 4.63x10 3 2.87x10 1614 7.91x10 12 
C1NO2 base 20 4.63x10 3 8.88x10 521 2.56x10 12 
CIN02 base 5 1 4.63x10 3 8.92x10 519 2.54x10 12 
By averaging the 	values according to sample p1-I, as shown in Table 4.5, it is 
evident that the values derived for 
kF are significantly larger for samples 
w 
generated in base than for samples generated in water. This observation was not 
entirely unexpected as it has already been shown in Table 4.3 that the nitration 
products vary considerably depending on the pH of the sample. As mentioned 
earlier, the change in the product ratio with pH would suggest that a different 
reaction mechanism operates at high pH. The fact that at high pH the values derived 
for 	are significantly different is consistent with this hypothesis. 
The values for F, the parameter used to describe the phase transfer flux of the 
nitrating gas, appear to be paired depending on both reagent and solvent. However, 
there appears to be little variation due to temperature. F specifically describes the 
generation of NO2 in the aqueous phase and as such incorporates both the phase 
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transfer of N205 from the gas into the liquid phase, and the subsequent dissociation 
of N205 in the bulk. Therefore the lack of temperature dependence is most likely due 
to a combination of opposing factors. Whilst at lower temperatures the phase 
transfer of the nitrating gas is likely to be enhanced, as a result of increased solubility 
in the aqueous phase, the rate of the dissociation reaction which ultimately generates 
NO2 is reduced. The results presented in Table 4.5 suggest that the net effect of 
these processes is that F remains unchanged. 
In the case of samples generated using C1NO2, values derived for F are significantly 
larger for those samples acquired at high pH. This was consistent with the values 
derived for which were shown to be significantly larger for samples generated 
in base than for samples generated in water. However, values derived for F for 
samples generated using N205 under basic conditions are not significantly larger than 
the values derived for samples generated in water. This is unexpected as it does not 
follow the trend that values derived for 
k2F
and F are larger for those samples 
generated under basic conditions. 
Values for LZ  describe the ratio of the rate coefficients for the second order reaction 
k 
of NO2 with phenol, and first order reaction with water. As mentioned earlier, 
values for 	were obtained by dividing the value derived for 	by the 
corresponding value for F. Therefore values for 
k2  are similar for the samples 
generated in water as the values derived for 	and F are all similar. Samples 
k. 
generated using C1NO2 in base also exhibit a 	value similar to those generated in 
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water as both 
k F
and F are consistently large. However, for samples generated 
using N205 under basic conditions, is large (consistent with the result for 
C1NO2) but the value for F is similar to the somewhat lower values derived for the 
samples generated in water. This results in a considerably larger value for L2 for 
those samples generated using N205 under basic conditions. 
The values for L2 shown in Tables 4.4 and 4.5 are consistent with the work 
k 
reported by Taylor (1990) in which it was stated that aromatic rings, particularly 
substituted rings, are more effective nucleophiles than water. Furthermore, the 
relative rates presented in this work are considerably slower than those suggested by 
Johnson and Margerum (1991) in which it was reported that the reaction between 
NO2 and Cl is more than 105  times (in dimensionless terms) more reactive than 
NO2 with water. This implies that N024  is more reactive towards Cl than to phenol. 
This is not too surprising since the attraction of two opposite charges facilitates the 
reaction between N024  and Cl (Pendlebury and Smith, 1973). 
However, values presented by Behnke et al. (1997) describing the ratio of the rate 
coefficient for the reaction between N02 4 and Cl- compared with the rate coefficient 
for reaction between NO2 with water do not agree with those published by Johnson 
and Margerum (1991). In the work by Behnke et al, values for the ratio of the rate 
coefficients for the reaction of N02 4  with Cl, and reaction of NO2 with water of just 
836 (in dimensionless terms) or 15.2 L mol' (as second order / first order ratio) have 
been reported. Taken in conjunction with the work presented here, the results by 
Behnke et al. would suggest that the reaction of N02 4 with phenol is considerably 
faster than the reaction of N02 4  with Cl. Although the authors (Behnke et al., 1997) 
made reference to the incompatibility of their results with those previously reported 
by Johnson and Margerum (1991), they were unable to reconcile the results. One 
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suggestion made by the authors was that rather than measuring k as the rate of 
reaction of NOj with water, the rate of the reaction between NOj' with Off had 
inadvertently been measured. As the rate of the reaction of NO2 with Off is more 
than 10 orders of magnitude faster than that of NO2 with water (Johnson and 
Margerum, 1991), it was thought that it was the rate of the reaction of NO2 with 
Off rather than the rate of the reaction with water that had been measured. 
Correcting for this error would have the effect of considerably lowering the value 
assigned to ku,, thereby increasing the ratio of the rate coefficient for the reaction of 
NO2 with Cl- with respect to water, bringing it into line with the fmdings by 
Johnson and Margerum (1991). 
The k2 values presented in the fmal column were calculated using a k value of 
4.9x iø s as reported by Behnke et al. (1997). This gives values for k2, the rate for 
the reaction between NO2
+  and phenol of between 2x 10 12  and 8x 10
12 L-I  mol-I s-1  
While doubts have been already been expressed regarding whether the value reported 
by Behnke et al. (1997) refers to the reaction of NO2 with water or with Off, it 
should also be noted that the rate itself was not explicitly measured but was rather 
indirectly derived through the numerical modelling to fit experimental data. As 
parameter fitting tends to be notoriously difficult, this adds a further degree of 
uncertainty regarding the accuracy of this value assigned to k. 
Clearly the values for k2 shown in Tables 4.4 and 4.5 are extremely fast and are 
considerably faster than had been expected. As a result of the presence of solvent 
molecules, reactions in the liquid phase have a considerably smaller encounter 
frequency when compared with gas phase reactions. Therefore the rate of reaction is 
governed by the rate at which the reactant particles diffuse through the medium; this 
is termed the diffusion-controlled limit. The rate of a diffusion-controlled reaction 
may be calculated by considering the rate at which the reactants diffuse together 
using the approximation shown in Equation 4.30 (Atkins, 1994). 
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8 
kd = 3i
RT 	 (430) 
where: 
kd 	is the diffusion controlled rate / m 3 moV' s. 
R is the gas constant / J K' moF 1 . 
T 	is the temperature I K. 
is the viscosity of the solvent / kg m 1 
Using a value of 8.91x 104 kg m1 
2  to describe the viscosity of water at 298 K, the 
diffusion limited rate coefficient was calculated to be 7.4x 1 
9  L mol' s. Clearly 
the rate coefficient obtained for k2 is unfeasibly large in comparison with the 
diffusion-controlled limit. Therefore the method of data analysis was examined in 
order to determine whether the assumptions that had been made were valid or 
whether an oversight had been made. 
Validation Studies 
The validity of the actual data analysis was tested by calculating 
k 2 [phenol]at both 
k 
the high and low phenol concentrations. It was stated in Section 4.12 that analyses at 
k 2 [phenol] 
low phenol concentrations required k2[phenol] <<k11, i.e. 	 should be large. 
w 
Likewise it was also stipulated that at sufficiently high concentrations of phenol, 
k 2 [phenol] 
analyses required that k, << k2[phenol] i.e. 	 should be small. These 
w 
assumptions were tested by taking the L2 value, obtained using 	and F as 
before, and multiplying by the corresponding concentration of phenol. The results 
obtained using this validation method are shown in the final two columns of 
Table 4.6. 
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Table 4.6 Manipulation of the experimental data to determine the validity of the 
assumptions made during the data analysis. 
Reagent Solvent T/ °C k2F F k 2 
k W 
Test low 
0.0001 xk 2  <<1 
k w  
Test high 
0.1 xk 2 
>>1 
k 
N205 water 20 1.36x10 3 4.53xI0 301 0.0301 30.1 
N205 water 5 1.57x10 3 4.43x10 356 0.0356 35.6 
N205 base 20 5.39x10 3 3.41x104 1578 0.158 158 
N205 base 5 5.25x10 3 2.87x10 1831 0.183 183 
CIN02 water 20 2.03x10 3 3.32xl0 611 0.0611 61.1 
C1NO2 water 5 2.21x10 3 3A4x10 642 0.0642 64.2 
C1NO2 base 20 3.22x1W3 8.88x10 362 0.0362 36.2 
C1NO2 base 5 4.66x10 3 8.92x10 523 0.0523 52.3 
where: 
was calculated from the low phenol concentration data and has units 
of s 1 . 
F 	was calculated from the high phenol concentration data and has units 
of mol U' s. 
is the ratio of the rate coefficient for the NO2
+  + phenol reaction 
w 
relative to the rate coefficient for the NO2 + water reaction / L mor'. 
The values calculated in the final two columns give an indication of the validity of 
the assumptions made during the data analysis. It can be seen that overall values in 
the "test high" colunm are all larger than one and that the "test low" values are all 
smaller than one as required. It is also interesting to note that the values of L2 for 
samples generated in base using N205 presented in Tables 4.4 and 4.5 appear to be 
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considerably larger than the other samples. While this difference could be due to the 
fact that these samples were the only ones not to be scaled as a result of the 
non-production of 4-nitrosophenol, these samples are also the ones that generate the 
results closest to the limit for "test low". While values of 0.183 and 0.158 for 
samples generated in base using N205 are still significantly smaller than one, they are 
almost three times larger than the next highest values for samples generated in water 
using C1NO2. However, overall this system of examining the assumptions made 
during the data analysis appears to validate the technique. 
Although doubts have been expressed regarding whether the value reported by 
Behnke et al. (1997) taken for k represents the reaction of NOi' with water or the 
reaction of NO2 with Off, it has been used in this data analysis due to the absence 
of any other data for this rate coefficient. As suggested by Johnson and Margerum 
(1991), the reaction with Off is very much faster than that with water. If the rate 
measured by Bebnke et al. were in fact to refer to the reaction of NO2 with Off, this 
would have the effect of overestimating the value for k. If, as suggested by Johnson 
and Margerum, the rate with water proceeds orders of magnitude slower than with 
Off, this would have the effect of reducing the value of k used here which would in 
turn reduce the value calculated for k2. Unfortunately as this method of data analysis 
relies upon a value for k, the value determined for k2 will always be dependent upon 
the accuracy of the value assigned to k. 
It should be noted that while k2 is the second-order rate constant for loss of phenol 
specifically by reaction with NO2, as described here, k is effectively the first-order 
rate constant for loss of NO2 through reaction with any species other than phenol. 
Therefore perhaps regardless of the validity of the actual value, taking a single value 
for k to be implemented regardless of pH does not seem a valid approach. If we 
consider that at higher pH the concentration of Off will be greater than at lower pH, 
the value assigned to k should be larger to take into consideration the additional 
reaction of NO2 with OH which is considered to be faster than the reaction between 
NO2 and water (Johnson and Margerum, 1991). 
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Although it has been suggested that the value for k reported by Behnke et al. (1997) 
represents the reaction of NO 
jF with Off rather than the reaction of NO2 with water, 
the results presented in this work are not consistent with this hypothesis. As 
indicated previously, taking a single value for k to be implemented regardless of pH 
would have the effect of overlooking the additional reaction with Off that occurs at 
high pH. If the hypothesis were true, this simplification would cause the value 
derived for k2 to be significantly lower at high pH. However, the results presented in 
Table 4.5 indicate that for samples generated using N205 the values derived for k2 
are largely unaffected by the addition of base. Furthermore, for samples generated 
using C1NO2 there is a significant increase in the values derived for k2. While these 
results add to the uncertainty regarding the value for k reported by Behnke et al. 
(1997), they are not consistent with the suggestion made by the authors that this is 
due to the inadvertent measurement of the reaction of NO2 with 01-f. 
4.13.2 Parameter Fitting I 
The data analysis described in Section 4.13.1 provided an analytical method of 
attaining a value for the rate coefficient k2. However, a major drawback of the 
analysis was the fact that it only generated an estimate of 
k
the final value for k2 
w 
being dependent upon the value assigned to k. Furthermore, the method only used 
the high and low concentration data and did not take into consideration any of the 
experimental results acquired at the intermediate concentrations. In order to address 
both these issues, numerical modelling was attempted using the software package 
FACSIMILE. 
FACSIMILE is a programming language which provides a powerfi.il means of coding 
and solving coupled differential equations. By declaring variables and parameters to 
represent particular chemical species or processes it is possible to encode a series of 
reactions to describe an overall chemical mechanism. Using the initial estimated 
values assigned to the various rate coefficients, FACSIMILE is able to model the 
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concentrations of the various species over time. By inputting the experimental data 
and allowing FACSIMILE to vary the rate coefficients, FACSIMILE is able to refine 
the initial values assigned to the rate coefficients. More specific information 
regarding the way in which mechanisms may be described in the FACSIMILE 
language is given in the Appendix. 
Model Description 
By explicitly coding four sets of parallel reactions to describe the data obtained using 
the four different concentrations of phenol, it is possible for FACSIMILE to generate 
estimates for the rate coefficients that fit all the experimental results. The way in 
which this was coded is shown schematically in Figure 4.20. In the coding phenol is 
described by the abbreviation PH, and NP is used to represent all the "nitrated" 
products formed by the reaction between phenol and NO2. The suffixes are used to 
describe all the species that refer to one particular scenario. For example, PHi, 
N021 and NP1 all refer to the scenario in which the initial concentration of phenol 
was 0.1 M. 
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Figure 4.20 Schematic highlighting the way in which the reactions were coded 
such that FACSIMILE used all the experimental data in order obtain estimates 
for k2, k and EmissF. 
An example of the FACSIMIILE program coding may be found in the Appendix. 
The way in which the model was coded is described in Table 4.7 to 4.10. 
Table 4.7 Initial phenol concentrations. 
Variable Starting concentration I moles 0 
PHI F 0 .1 PH2 0.01 
PH3 0.001 
PH4 0.000 1 
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Table 4.8 Coding for rates of NOj introduction into the system by phase 
transfer. 






Table 4.9 Coding used to describe the reactions occurring at each concentration. 
Reaction Code Initial rate coefficient / L mol 
i 
 s_I 
PHI +NO2I—NPl K2 9E12 
pH2+N022—NP2 K2 9E12 
PH3 + N023 - NP3 K2 9E12 
PH4+N024NP4 K2 9E12 
Table 4.10 Rates at which NO2 is lost from the system through reaction with 
water and other non-nitrophenol products reactions. 
Reaction Code Rate coefficient / s 
N021 --* Kw 4.9E9 
N022 — Kw 4.9E9 
N023 — Kw 4.9E9 
Kw 4.9E9 
The initial values assigned in Tables 4.8 and 4.9 to EmissF and k2 are the values 
previously obtained by the analytical method of data analysis (shown in Table 4.4) 
for the nitration of phenol, in base, at 5 °C using N205. 
M.A.JJ-larrison 	 192 
Chapter 4 
	 Aqueous Phase Nitration of Phenol 
Model Validation 
Before the model was used to obtain estimates for k2, k and F from fits to 
experimental data acquired from all four concentrations of phenol, it was necessary 
to make sure that the model was coded correctly. This was initially achieved by 
manually checking that the data themselves had been accurately added to the model 
and that it had been coded in the correct manner. In addition the results generated by 
FACSIMILE were compared with those obtained using the previous analytical 
method described in Section 4.13.1. This was achieved by running the model using 
only the high and low concentration data and fixing the value for k at 4.9x 109  s 
reported by Behnke et al. (1997). In this way the system that was modelled using 
FACSIMILE was as similar to the analytical method as possible. Results from this 
new method of data analysis are shown in Table 4.11 (labelled FACS) together with 
the values determined by the analytical method (labelled analytical). 
Table 4.11 Results achieved using simplified FACSIMILE mechanism together 
with the corresponding values obtained using the analytical method. 
Reagent Solvent T I °C F (FACS) k2 (FACS) F (analytical) k2 (analytical) 
I mol U' s' IL mor' s / mol U' s' / L mor' s4 
N 205 water 20 4.63x10 1.54x10' 2 4.53x10 1.47x10' 2 
N 20 water 5 4.73x10 1.66x10 12 4.43x10 
1.74x10 12 
N205 base 20 3.50x10 7.77x10 12 3.41x1O 7.73x10 12 
N 205 base 5 3.00x10 9 .00x 10 12 2.87x10 8.97x10 12 
CIN02 water 20 3.35x1O 3.29x10 12 3.32x1O 2.99x10' 2 
CIN0 2 water 5 3.55x104 3.28x10 12 3.44x10 3.14x10' 2 
C1NO 2 base 20 9.48x10 1.62x10 12 8.88x10 
1.77<1012 
CIN0 2 base 5 9.00x10 2.50x10 12 8.92xI0 2.56x10 12 
The results presented in Table 4.11 indicate that the values for F and k2 produced by 
the FACSIMILE model are consistent with those determined by the analytical 
method of data analysis. While this suggests that the model is working correctly, it 
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also validates the assumptions made as part of the original analytical method of data 
analysis, specifically that at high phenol concentrations the rate of reaction was 
limited by the phase transfer of the nitrating gas, and that at low phenol 
concentrations the rate of reaction was limited by the amount of phenol present in 
solution. 
The data produced by the model were also analysed to ensure that the concentrations 
of the total nitrated products matched those obtained experimentally. Figures 4.21 
and 4.22 plot the modelled and experimental data at phenol concentrations of 0.1 M 
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Figure 4.21 Plot of the observed increase in the concentration of products 
against time for a 0.1 M solution of phenol, in base, at 5 °C and nitrated using 
N205. The red points mark the experimental results and the blue line 
represents the model output. 
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Figure 4.22 Plot of the observed increase in the concentration of products 
against time for a 0.0001 M solution of phenol, in base, at 5 °C and nitrated 
using N205. The red points mark the experimental results and the blue line 
represents the model output. 
The results presented in Figures 4.21 and 4.22 show that the values that 
FACSIMILE generated for the parameters k2 and F adequately describe the 
experimental data. The model was therefore extended to include the data acquired at 
the intermediate concentrations. Furthermore, FACSIMILE was also allowed to vary 
k. to fit the experimental data in the hope that a best-fit value for k could also be 
obtained from the experimental data. In this way it was hoped that FACSIMILE 
would be able to obtain a value for k dependent upon the experimental data. 
Initial results indicated that, as before, there appeared to be little effect of 
temperature upon the values determined for k2 and F. Therefore it was decided that 
the model should be run combining the experimental data acquired at 5 and 20 °C. 
However, despite increasing the dataset by combining the experimental data acquired 
at 5 and 20 °C, FACSIMILE was unable to explicitly determine all three parameters, 
k2, and F. The FACSIMILE fitting routine internally fixed one of the three 
parameters and solved the other two parameters according to the value assigned to 
the fixed parameter. This suggested that the experimental data were either not 
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sufficiently extensive or that they were not tightly enough constrained for the 
program to obtain good estimates for all three parameters. As a result, it was decided 
manually to fix the value for k at a value of 4.9x 109 s 1 as reported by Belirike et al. 
(1997) in order to obtain values for k2 and F. Despite this drawback the model still 
represented an improvement on the previous kinetic analysis because data at all 
concentrations (as well combination of the results generated at 5 and 20 °C) were 
taken into consideration. The results obtained from this fitting are presented in 
Table 4.12. 
Table 4.12 Results achieved using FACSIMILE to model all the experimental 
results. 
Reagent Solvent F / mol U 1 s k2 / L mor' s' 
N 205 water 4.61x10 4 1.58x10' 
N 205 base 2.46x104 8.1Ox10 12 
CIN02 water 3.31x1O 3.12x10 12 
C1NO2 base 9.97x1O 2.21x10 12 
As before, the closeness of the fit between model output and experimental data were 
examined graphically (Figure 4.23). The figures suggest that the values that 
FACSIMILE generated for the parameters 1c2 and F adequately describe the 
experimental data. 
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Figure 4.23 Plot of the observed increase in the concentration of products 
against time for a solution of phenol, in base, at 5 °C and nitrated using N205. 
The red and green points are the experimental results obtained at 
5 and 20 °C respectively. The blue line is the model output. 
The k2 values presented in Table 4.12 were generated using a k, value of 4.9x 109  s' 
as reported by Behnke et al. (1997). This gives values for k2, the rate for the reaction 
+ 	 12 	 12 	-1 	-I 	-I between NO2 and phenol of between 2x 10 and 8x 10 L mol s . These values 
are broadly in line with the estimates made previously and are considerably faster 
than expected for a diffusion controlled rate coefficient. As a result, doubts remain 
regarding the accuracy of the value reported by Behnke et al. 
Since the experimental data were insufficient for FACSIMILE to determine k, in 
addition to k2 and F, investigations were made to determine the sensitivity of the 
system towards the value assigned to k. It was found that if the value for k was 
reduced by an order of magnitude, the value generated for k2 was reduced by a 
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similar amount. This result is consistent with the analytical method of data analysis 
in which the value obtained for k2 was proportional to k. This highlights the 
importance of obtaining a reliable value for k for each scenario. 
As highlighted earlier, there appeared to be little effect of temperature upon the 
values determined for k2. This feature was observed using both the analytical and 
numerical approach towards data analysis. While the lack of temperature 
dependence might have initially seemed surprising, this is most likely due to a 
combination of opposing factors. The phase transfer of the nitrating gas is likely to 
be enhanced as the temperature is lowered as a result of increased solubility in the 
aqueous phase at lower temperature. On the other hand, the rates of the liquid phase 
reactions are also likely to be temperature dependent, although these will increase as 
the temperature is raised. As a result of these two contrasting effects the overall 
effect of temperature on the system as a whole has been shown to be negligible. 
4.13.3 Parameter Fitting 2 
As suggested in Section 4.13.2, better estimates for k2, k and F may be obtained by 
extending the dataset to which the parameters are fitted. To this end the model was 
developed such that the system considered the individual species formed by the 
nitration process rather than merely the total amount of "nitrated" products. In order 
to include this information as part of a model, a reaction scheme must first be 
proposed. In view of the presence of 4-mtrosophenol as a major product of the 
reaction, a scheme was devised based on the mechanism discussed in Section 4.12.1. 
An example of the actual FACSIMILE code is given in the Appendix, and a 
schematic of the coding is shown in Figure 4.24. 
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NSP (k4) 
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Figure 4.24 Proposed reaction mechanism for the "nitration" system as a whole. 
NP2, NP4 and NSP represent 2-nitrophenol, 4-nitrophenol and 4-nitrosophenol 
respectively. 
As before, the formation of NO2 in the liquid phase is governed by the phase 
transfer and subsequent reaction of nitrating gas which is described by the parameter 
F. Thereafter the NO2 cation may then react with either the phenol present in 
solution (K2, K5, K6), or with water itself (Kw). The reaction between NO2 and 
phenol generates 2- and 4-nitrophenol as well as the NO cation which may in turn 
react with a further molecule of phenol to generate 4-nitrosophenol. The 
mtrosophenol may subsequently be oxidised by NO2 to produce 4-nitrophenol, 
thereby regenerating the NO cation (Taylor, 1990). 
Although not included in Figure 4.24, suffixes were used to describe all the species 
that refer to one particular scenario. For example, PHi, N021, NP21, NP41 and 
NSP1 all refer to the scenario in which the initial concentration of phenol was 0.1 M. 
By explicitly coding four sets of parallel reactions to describe the data obtained using 
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the four different concentrations of phenol, it was possible for FACSIMILE to 
generate estimates for the rate coefficients that fit all the experimental results. 
Results 
Despite the extension of the dataset to include the product data, the model was now 
required to fit an additional four parameters using a more complex kinetic scheme. 
As FACSIMILE found it difficult to generate estimates for just three parameters in 
Section 4.13.12, it was hardly surprising therefore that it was unable to determine 
estimates for all seven as required in this reaction scheme. In order to obtain good 
estimates of the rate coefficients it appears as though considerably more 
experimental data are required as a function of time. While experimental data 
acquired after 1 minute, 5 minutes and 10 minutes were sufficient to generate 
estimates of -p-, many more data points would be required to generate k2 explicitly. 
In addition to enabling the explicit determination of k2, further experimental data 
would also provide an estimate to be made for k. 
4.14 Summary 
While the reporting of liquid phase reaction rate coefficients has increased in recent 
years, there is still a lack of data regarding the liquid phase reactions of aromatic 
compounds. Such information is required for both liquid phase models as well as 
multiphase models that include both gas and liquid phase chemistry. In this work the 
reaction between the nitrating gases N205 and CIN02 and aqueous phenol solutions 
was studied. 
An on-line method was developed for the synthesis of the nitrating gases, N205 and 
C1NO2. The concentration of the nitrating gases in the flow was quantified by 
bubbling through water, both before and after the nitration experiments. This was 
subsequently analysed off-line using nitrate analysis and by Ion Chromatography. 
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Nitration reactions were performed at two temperatures (20 °C and 5 °C) and at four 
concentrations (0.1 M, 0.01 M, 0.001 M and 0.0001 M) of phenol and phenol with 
added Na2CO3 (0.2 M). Finally, a method for the quantitative extraction and analysis 
of mtrophenols was developed, using Strata SDB-L Solid Phase Extraction (SPE) 
cartridges and Gas Chromatographic (GC-ECD) detection. 
Results indicated the formation of 4-mtrosophenol (additionally characterised using 
GC-MS) as well as 2- and 4-nitrophenol although 2,4-dinitrophenol was not 
observed. The presence of 4-nitrosophenol provided an insight into the mechanism 
of the reaction, suggesting the presence of NO in the system. This was thought to 
be produced as part of the nitration process rather than originating from the 
production of the nitrating gases. Although temperature and concentration had little 
affect upon the product ratio, adding base to the system had the affect of 
considerably reducing the amount of 4-nitrosophenol produced. This observation 
was thought to be a result of the more effective nitration reaction with respect to 
nitrosation at higher pH. Of the two nitrophenol isomers formed 2-nitrophenol was 
the more abundant product. 
Three different methods of data analysis were developed in order to derive the 
overall rate coefficient for the reaction between the nitrating gases, N205 and CINO2, 
and aqueous solutions of phenol. Results indicated that phenol is a more effective 
nucleophile than water. Values for 	the ratio of the second order rate coefficient 
for the NOj + phenol reaction relative to the pseudo-first order rate coefficient for 
the NO2 + water reaction, range from 300 to 1800 L mor'. While values for 
were shown to vary with pH, there appeared to be little temperature dependence. 
This was thought to be due to the opposing effects of the solubility of the gas in the 
aqueous phase and the rate of the liquid phase reaction. 
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As highlighted in Section 2.1.1, the development of computer models is an important 
tool in the quest to unravel the complex chemical processes that occur in the 
atmosphere. As well as helping scientists to understand the chemistry that affects the 
composition of our atmosphere, computer models may also be used by industry and 
regulatory bodies to set limits for the emission of pollutant chemicals. 
An example of such a model is the "Master Chemical model" (MCM) developed at 
Leeds University (Saunders et al., 1997). This model describes the roles of VOC and 
NO species in the troposphere and focuses on the ability of each VOC to form 
ozone. The MCM is a highly detailed model containing in the order of 12,600 
reactions involving around 4,500 unique chemical species. In this way the model 
both acts as a useful tool to determine the pollutants which impact most strongly 
upon air pollution, as well as acting as a highly detailed description of the 
interactions between the many different trace species that are present in the 
troposphere. However, one important feature of the troposphere that this model does 
not consider is the presence of clouds and other forms of condensed water. 
Clouds are the most abundant form of condensed water in the troposphere covering 
around 60 % of the earth at any one time. However, it is clear that clouds are mainly 
comprised of air; a moderately dense cloud only has a liquid water content of 
approximately 3 xl 0 cm3 of water per cm3 of air (Herrmann et al., 2000; Herterich 
and Herrmann, 1990; Lelieveld and Crutzen, 1991; Molina et al., 1996). Despite the 
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relatively sparse amounts of liquid water present in the atmosphere, heterogeneous 
and condensed phase processes play a surprisingly large role in atmospheric 
chemistry. For example, the aqueous phase reactions in clouds have been shown to 
contribute significantly to the production of some of the acidic species present in the 
troposphere. This demonstrates the importance of employing a multiphase approach 
to modelling atmospheric chemistry: i.e. models should include the processes that 
occur in both the gas and aqueous phases in order to accurately predict the chemical 
composition of the troposphere. However, for liquid phase reactions to become 
significant, the rate coefficients that control these heterogeneous and condensed 
phase processes have to be many orders of magnitude faster than their equivalent 
gas-phase reactions. 
Furthermore, the most abundant aromatic species, such as toluene, xylene and 
benzene, all have very low Henry's Law coefficients (expressed as a liquid to gas 
ratio) and are unlikely to be accommodated in aqueous droplets to any significant 
extent. However, their more polar oxidation products are likely to show greater 
solubility in atmospheric water. The uptake of these species into the aqueous phase 
and their subsequent chemical conversion may be important reaction pathways for 
the tropospheric oxidation of aromatics (Figure 5.1). More specifically, tropospheric 
processing, in both the homogeneous gas phase and heterogeneously in aqueous 
cloud droplets, is thought to lead to the formation of nitroaromatic compounds. 
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Figure 5.1 Simplified schematic indicating the uptake of gaseous species and 
subsequent reactions in the liquid phase. 
In this work a multiphase chemical mechanism has been developed that adequately 
describes the chemistry of a polluted environment. After this was achieved the 
model was then applied to better identify different nitration pathways of aromatics in 
the troposphere. The model was used to investigate the partitioning of benzene and 
phenol into the liquid phase and to assess the relative importance of the gas and 
liquid phases with regards to the formation of nitrophenols. It includes the 
partitioning of 21 species and focuses on the conversion of benzene to phenol and 
fmally to nitrophenol in both the gas and liquid phase. 
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5.2 Modelling Details 
The development of computer models to accurately describe the processes that occur 
in the troposphere is a complex task. Models require data regarding the emission, 
deposition and transport of trace constituents as well as the kinetic information 
necessary to adequately describe the chemical and physical processes that occur in 
the atmosphere. Multiphase models, such as the one described in this work, that 
consider the effect of the liquid phase, have an extra layer of complexity. A cloud is 
a very complex chemical reactor containing many different physical and chemical 
processes, with the chemistry of the gas and aqueous phases strongly coupled 
through mass transfer. 
In this work a zero-dimensional box model was constructed using input data that 
would adequately describe a polluted environment. Care has to be taken when 
obtaining data to implement such models to ensure that they are in the correct format 
to be coded and that they are consistent with other input data. With this in mind, the 
majority of the liquid phase data were taken from the work by Herrmann and 
co-workers (1999; 2000) with the kinetic data for the gas phase reactions taken from 
either the MCM (Saunders et al., 1997) or from the IUPAC kinetic database 
(Atkinson et al., 2001). In addition to the information contained in the paper by 
Saunders etal. (1997), full coding for the MCM is available on the web at the URL: 
http://www.chem.leeds.ac.uk/Atrnospheric/MCMImcmproj.html  
Data to describe photolysis reactions and the emission and deposition of species were 
obtained from a variety of sources, but care was taken to ensure that a degree of 
consistency was maintained. 
The following sections list all the input data that have been used in the production of 
this model. This information is displayed in the form of tables which indicate both 
the data and their source. Information regarding an extension to the model (that 
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includes the partitioning of the nitrophenol products) is included at the foot of each 
table where appropriate. 
The chemistry that is included in the model is described more fully in Section 5.3 
with the help of diagrams were appropriate. In addition, a complete version of the 
model code is included in the Appendix together with a description of the scenario 
that it describes and a more detailed explanation of the way in which the coding was 
compiled. An electronic version is available upon request. 
5.2.1 Computational Details 
Modelling studies were initially undertaken using FACSIMILE version 3.0 for DOS 
(AEA Technology) run on a 486 PC. Latterly, FACSIMILE version 3.0 for 
Windows was purchased from AEA Technology which was run on an Intel Celeron 
machine. While the programming language remained largely the same, the updated 
software enabled greater integration within Windows and facilitated the use of more 
powerful computer hardware. 
FACSIMILE is a DOS based programming language which provides a powerful 
means of coding and solving coupled differential equations. Reactions can be 
encoded in the program in which parameters and variables may be declared to 
represent a particular chemical species. In this way, species A may be converted to 
another species B with a known rate coefficient k1. FACSIMILE can handle both 
irreversible and reversible reactions and is capable of solving complex systems with 
many variables. At the beginning of each time-step, the solution is estimated using a 
polynomial fit, which is then improved upon by using a Newton-type iteration 
"predictor-corrector" method. Furthermore, by coding the production of batch files it 
is possible to automatically run models in a sequential fashion in which a single 
parameter, such as the liquid water content, may be varied. Output data are 
displayed in the form of a table which may be saved as a text file that may be opened 
and manipulated using a spreadsheet, such as Microsoft Excel. During the course of 
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this work a macro was written to facilitate the manipulation of the large datasets that 
the model generated. 
5.2.2 Nomenclature 
One of the many difficulties that are encountered while compiling a computer model 
is the naming and tracking of the codes given to represent the different variables and 
parameters. Figure 5.2 demonstrates this problem. In this model the species in the 
liquid phase are generally given the suffix "L" for liquid, in all the diagrams of this 
form which are interspersed throughout the chapter, species in blue font represent 
those species which may undergo phase transfer between the gas and liquid phases. 
Double headed arrows either represent equilibrium reactions in the liquid phase or, in 
the case of this diagram, phase transfer between the gas and the liquid. 
GAS PHASE 	 RO 	
EMISSION 	 PHLOSS 
OF] 	
/
H 03 \ 
_________ 	 on 	
C6H50 	NO APH 
EMISSION 	BENZ OH 	PHB 	 C6H5OB AB 
PHBLIQ NO3 C6H5OBLIQ 	 ABLIQ 
LIQUID PHASE 
01-IL 	
PHL 	 LPH 
BENZL 	
NOL 





OPL 	 PHLLOSS 
Figure 5.2 Schematic indicating all the reaction pathways available for the 
aromatics in the model; this includes the phase partitioning between the gas and 
the liquid phases. 
Figure 5.2 acts as an overview of the chemistry that is coded for the aromatic 
species. By explicitly defining different variables to describe the individual reaction 
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pathways, it is possible to determine the relative importance of the different routes of 
formation of the nitrated phenols. 
In this diagram (and also within the coding) species RO signifies "ring opened" gas 
phase products and OPL represents "other products" in the liquid phase. The other 
abbreviations describing the phenol and mtrophenol in the system are explained 
below: 
PH 	phenol emitted into the gas phase. 
PHL 	phenol emitted into the gas phase which has then partitioned 
into the liquid phase. 
PHB 	gas phase phenol produced from benzene by gas phase reaction. 
PHBL 	phenol produced from benzene by gas phase reaction which has 
then partitioned into the liquid phase. 
PHBLIQ phenol formed from benzene by liquid phase reaction which has 
then partitioned into the gas phase. 
PHBLIQL liquid phase phenol produced from benzene by liquid phase 
reaction. 
APH 	gas phase nitrophenol produced by gas phase reaction of phenol 
that was originally emitted into the gas phase. 
AB 	gas phase nitrophenol formed from gas phase phenol that had 
been produced from benzene by gas phase reaction. 
ABLIQ gas phase nitrophenol derived from gas phase phenol produced 
from benzene by liquid phase reaction. 
LPH 	liquid phase nitrophenol produced by the liquid phase reaction 
of phenol that was originally emitted into the gas but then 
partitioned into the liquid phase. 
LB 	liquid phase nitrophenol formed from gas phase phenol 
produced that was produced from benzene by gas phase 
reaction. 
LBLIQ 	liquid phase nitrophenol converted from liquid phase phenol 
produced from benzene by liquid phase reaction. 
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While an attempt was made to make these abbreviations as logical as possible, it is 
acknowledged that they remain cumbersome and can be difficult to interpret. 
However, in order to understand the way in which the model was coded it is 
important that abbreviations such as these are at least introduced. Later, when 
discussing the results obtained from these studies, a colour coded system is employed 
in an attempt to alleviate this problem. 
The basic model was also modified to include the partitioning of the mtrophenol 
products. This was done in order to determine the fate of the nitrophenols that were 
produced during the time for which the model was run. Through the use of this 
extended version in combination with the initial model, it was possible to determine 
whether the nitrophenols that are present in the gas phase are produced by gas phase 
routes or whether the liquid phase was responsible for their formation. Whilst only 
minor alterations to the coding were necessary, this new version of the model 
required the use of a different set of variables to describe the products, replacing 
those described above. This allowed a more straightforward set of variables to be 
used which are listed below: 
NP2 	2-nitrophenol in the gas phase. 
NP2L 	2-nitrophenol in the liquid phase. 
NP4 	4-nitrophenol in the gas phase. 
NP4L 	4-nitrophenol in the liquid phase. 
5.2.3 Gas Phase Concentrations 
Gas phase concentrations have been estimated for the species that are coded into the 
model. Throughout the report the concentrations of gas phase species are expressed 
with units of molecules cm 3 . 
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Gas phase parameters 
A parameter is defmed by the FACSIMILE language as "an auxiliary quantity, 
which may be constant through the time integration or may be calculated as a 
function of time, variables and other parameters." In this case, parameters have 
been declared to describe the gas phase concentrations of species that are maintained 
at a constant value for the duration of the model run. Gas phase parameters are used 
to describe species such as 02 that has such a large value that it is not significantly 
affected by the chemistry that takes place over the course of the model run. Data 
were taken from Herrmann et al. (1999; 2000) unless specified otherwise. The 
values assigned to gas phase parameters are shown in Table 5.1. 
Table 5.1 Concentrations for those species declared as parameters. Gas phase 
concentrations are expressed in molecules cm 3 . 






RH (alkane) 2.55E1 1 
b 
R02 (alkyl peroxy radical) 3*CH302 
a 	setto 370 ppm. 
b 	settolOppb. 
C 	estimated value to achieve a stable radical budget. 
Gas phase variables 
A variable is defined by the FACSIMILE language as "something controlled by a 
differential equation, which defines its time rate of change." In this case, variables 
are used to describe the species whose concentration varies over the course of the 
model run as a result of chemical reactions. The initialised concentrations of these 
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species are given in Table 5.2. Sources for the data are included at the foot of the 
table where appropriate. 
Table 5.2 Initial concentrations for those species declared as variables. Those 
species included at the foot of the table correspond to the extended model. Gas 
phase concentrations are expressed in molecules cm 3. 
Variable Starting concentration I molecules cm 3 













PH 2.55E8 8 
PFIB 0 
PHBLIQ 0 
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a 	(Leuenberger et al., 1988) 
b 	(Herrmann et al., 1999; Herrmann et al., 2000) 
5.2.4 Liquid Phase Concentrations 
Throughout this thesis the liquid phase concentrations are expressed with units of 
moles U'. Other than H20L, which has been declared as a parameter, with a value of 
55.5 moles U', all the liquid phase species are considered as variables. Data were 
taken from Herrmann et al. (1999; 2000) unless specified otherwise. Liquid phase 
variables and their initial concentrations are listed in Table 5.3. 
Table 5.3 Initial concentrations for liquid phase species. Those species included 
at the foot of the table correspond to the extended model. Concentrations are 
expressed in moles L'. 
Variables Starting concentration / moles L' 
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a 	(Leuenberger etal., 1988) 
5.2.5 Emissions 
Emissions into the box model are the only way in which additional species are 
introduced into the system. The estimates chosen represent emission from biogenic 
as well as anthropogenic sources, although in this urban scenario the majority of 
these emissions will be produced by combustion processes. The value assigned to 
the emission of benzene is taken from the protocol developed by the Multi-Phase 
Modelling Group of the EUROTRAC 2 subproject Chemical Mechanism 
Development (CMD) as reported by Poppe et al. (2001). This protocol also provided 
information regarding the emission strength for NO in a polluted environment. In 
addition to the information contained in the paper, full coding for the CMD 
mechanism is available on the web at the URL: 
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http: //www/fz juelich.de/iCg/icg3/ALLGEMEIN/cmdf01htmi  
The emission of phenol was taken as being 1.5 % of the value of that for benzene in 
accordance with the information available from the UK National Atmospheric 
Emissions Inventory. This is available on the web at the URL: 
http://www.naei.org.uk/ 
The estimated values for emissions are listed in Table 5.4. 
Table 5.4 Emission rates for those species introduced into the box model. 





Atmospheric deposition is the removal of airborne chemical compounds through 
settling onto the land or water surfaces. Wet deposition removes gases and particles 
in the atmosphere and deposits them to the Earth's surface by means of rain, sleet, 
snow, and fog. Dry deposition is the process through which particles and gases are 
deposited directly onto the Earth's surface in the absence of any such precipitation. 
In this work the removal of species from the system through precipitation (i.e. wet 
deposition) is not included. interaction between gas phase species and atmospheric 
liquid water is described explicitly through the uptake calculations shown later in this 
section. While some dry deposition rates may be considered as being a constant, 
others such as the deposition of 03 and NO2 are strongly linked to stomatal uptake 
which in turn is related to the levels of light. Therefore the deposition of these 
species is calculated in proportion to a photolysis rate constant so that it varies 
throughout the day. As can be seen from the coding in Table 5.5, the deposition of 
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03 is linked with both biological and surface loss processes whereas the deposition of 
NO2 is thought to be essentially controlled by stomatal uptake. The deposition rate is 
a parameter which depends upon the value assigned to the height of the boundary 
layer. While the height of the boundary layer varies on a daily basis from a 
night-time minimum of around 200 m to a maximum of up to 2 km during the day, 
an average value of 1000 m has been assumed for this model. Deposition rates listed 
in Table 5.5 refer only to the dry deposition of species. 
Table 5.5 Rates at which species are removed from the model through dry 
deposition. 
Species Deposition rates / s 1 
DepH202 5E-3/1 000 
DepHNO3 2E-2/1000 
DepHNO2 5E-3/1000 
Dep03 2E3/1000+IN02*1 .089918E-3 
DepNO2 2.7248E4*JN02 
5.2.7 Photolysis Parameters 
Many chemical reactions in the atmosphere are initiated by the photodissociation of 
trace gases. These photolysis reactions are responsible for most of the smog build-up 
detrimental to humans, animals, plant life and materials, in order to accurately 
model and predict the effects of air pollution, good photolysis rate estimates must be 
made. 
in computer models, such as the one presented here, it is necessary to have a method 
of calculating the intensity of the incoming radiation. This is done by considering 
factors such as the time of day, the time of year as well as the geographical location 
of the site (Spencer, 1971). The intensity of the incoming radiation is calculated at 
each time-step during the model run. It is then possible to generate the individual 
photolysis rates. While the coefficients that describe the individual photolysis rates 
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are shown in subsequent sections, Table 5.6 shows the general scenario that the 
model describes. 
Table 5.6 General parameters for the construction of photolysis rates. 
1ftatitude 	 I 
500 
ILongitude l EEA Decimation I 01 
A declination of 00  corresponds to an equinox date (i.e. 21 March or 
September). 
5.2.8 Gas Phase Reactions 
Panels appointed by the National Aeronautics and Space Administration (NASA) 
and the International Union of Pure and Applied Chemistry (IUPAC) regularly 
recommend kinetic and photochemical parameters for use in model simulations of 
the atmosphere (Atkinson et al., 2001). In these studies, the latest IIJPAC Summary 
of Evaluated Kinetic and Photochemical Data for Atmospheric Chemistry (Web 
Version December 2001) were implemented to model the "clean" gas phase 
reactions. However, in the case of the methane and aromatic gas phase reactions, 
very often accurate lab data are not complete or are not in a suitable form to be 
implemented in a computer model. In these instances the data from the MCM have 
been used (Saunders et al., 1997). The temperature dependence for all these 
reactions has been explicitly coded where appropriate. Finally, the photochemical 
reactions have been described using the protocol described by the CMD (Poppe et 
al., 2001). 
Rate constants that are determined as a function of temperature are generally 
expressed using the Arrhenius expression k = Ae T, where A is the Arrhenius 
pre-exponential factor and B is in K. 
M.A.J.Harrisofl 	 221 
Chapter 5 
	 Modelling Studies 
In the case of termolecular reactions, the rate also depends on the concentration of 
the third body (Equation 5.1). 
A+B+MAB+M 	 (5.1) 
As a result, the rate of reaction is described by a pseudo second-order rate: 
d[AB] = 
k[A]{B] 	 (5.2) 
dt 
in which the second order rate coefficient depends on [M]. The low-pressure third 





which is proportional to [M]. The high-pressure second order limit is characterised 
by krj 
= urn k[M] 	 (5.4) 
[M] —' oo 
which is independent of [M]. 
In between these two scenarios there exists a fall-off region. This transition is 
evaluated using the parameters k0, k and F according to the Troë (1979; 1983a; 
1983b) approximation (Equation 5.5 and 5.6). The temperature dependence of these 




k0 + ku,, 
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"Clean" gas phase reactions: 
Gas phase reaction rate coefficients are calculated at the start of the model and are 
called upon when required. As a result, each rate coefficient calculation is given a 
code which corresponds to a unique reaction. Table 5.7 lists the reactions included 
in the model together with the rate coefficient details and the corresponding code 
where appropriate. As previously mentioned, the data acquired from the latest 
IIJPAC kinetic database have been used to describe these reactions. There are, 
however, three exceptions. Data for reactions KR19, KR20 and KR21 have been 
taken from the MCM (Saunders et al., 1997). Those reactions with the code prefixed 
with KR are termolecular reactions, for which the parameters are given in Table 5.8. 
Table 5.7 Reactions used in the description of the "clean" chemistry of the gas 
phase and the corresponding rate coefficient expressions. 
Reaction Code Rate coefficient / cm3 molecule' s' 
H202 + OH -f H2O + H02 K! 2.9E-I2EXP(-I60ITEMP) 
NO + 03 	NO2 K2 I .4E-I2EXP(-I31OIFEMP) 
O'D - 03P K3 3.2E-I 1EXP(67/TEMP)*[M] 
03 + OH - H02 K4 .7E-I2EXP(-940ITEMP) 
03 + H02 -* OH K5 2.03El6*(TEMP/3OO)45l*EXP(693/TEMP) 
NO + HO2 - NO2 + OH K6 3.6E-12EXP(270/TEMP) 
H02 + H02 -p H202 K7 2.2E-13EXP(600/TEMP) 
H02 + H02 - H202 K7A I.9E33*[MI*EXP(980/TEMP) 
NO2 + 03 - NO3 K8 1.4E-13EXP(-2470/TEMP) 
NO + NO3 - NO2 + NO2 K9 1.8E-1 1EXP(1 IOTTEMP) 
OH + H02 -p H20 + 02 K1O 4.8E-11EXP(250/TEMP) 
OH + OH -' H20 + 03P K12 6.2EI4*(TEMP/298)26*EXP(945fTEMP) 
+ 02 	03 K18 5.6E34*(TEMP/3OOI2 *[M] 
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Table 5.7 continued. 
REUSI = 7.2E15*E)(P(785/TEMP) 
REUS3 = 1 .9E-33*EXP(725/TEMP) 
REUS4 = 4.1E16*EXP(1440/TEMP) 
REUS2 = (REUS3 *[M])/( 1 +(REUS3 [M])IREUS4) 
OH+HNO3-*H20+NO3 K19 REUS1+REUS2 
Co + OH — H K22 1.3E13*(1+(0.6*300/TEMP)) 
03P + NO2 —* NO K52 5.5E-I2EXP(I88TTEMP) 
OH + H02NO2 — NO2 KR2I 1.3E-12EXP(380ITEMP) 
O'D+N20-'NO+NO 7.2E-11 
O'D+H2O'OH+OH  2.2E-10 
OH + NO3 — H02 + NO2  2E-1 I 
OH +111402 —f H20 + NO2  2.5E12*EXP(260/TEMP) 
N205 — HNO3 + 111403  1E-6 
OH+NO2HNO3 KRI  
OH+OH'H2O2 KR2  
NO2±NO3N205 KR3  
N205-NO2+NO3 KR4  
03P ± NO2 — NO3 KR6  
H+02-*HO2 J7  
03p+NO-*No2 KR8  
OH±N0-'HNO2 KRIO  
H02 + NO2 — H02NO2 KR19 
a 
H02NO2 - H02 ± NO2 KR20 
a 
(Saunders etal., 1997) 
where: 
[N2] + [021 = [M] = MOLS 
MOLS = (PATM* 1.01 325E5)/( 1 .3806E-23 *TEMP* 1 E6) 
PATM= 1 
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Table 5.8 Rate coefficient expressions for the termolecular reactions in Table 5.7 
describing the "clean" chemistry of the gas phase. 
Reaction k0 
KRI 2.6E30* 7.5E- 11 (TEMP/300 °6 EXP(-TEMP/340) 
(TEMP/300)29*IiM]  
KR2 6.9E31* 2.6E-11 0.5 
(TEMP/300)-° 8 *[M] 
KR3 2.8E30* 2E- 12(TEMP/300)°2 2.5EXP(- 195OIFEMP)+ 
(TEMP/300) 35*[M]  0.9EXP(-TEMP/430) 
KR4 I E-3 *(TE4p/3Oo)3 5 * 9.7E 14(TEMP/300)°l* 2.5EXP(- 1 950/TEMP) + 
EXP(-1 1000rrEMP)[M] EXP(-1 1080/TEMP) 0.9EXP(-TEMP/430) 
KR6 9E32*(TEMIP/300) 2*[M] 2.2E-1 I EXP(-TEMP/1300) 
KR7 5 .4E32* 7.5E-1 1 E)(P(-TEMP/498) 
(TEMP/300)- ' S*[M} 
KR8 I E-3 I *(TErvrP/300) - 'b* [M] 3E- 11 (TEMP/300)73 EXP(-TEMP/1 850) 
KRIO 7 .4E31* 3.3E-1 1 EXP(-TEMP/1420) 
(TEMP/300)-24*[M]  
KRI9 1.80D31* 4.70D-12 0.6 
((TEMP/300)-32)* [M]  
KR20 4 . 10D05* 5 .70D+15* 05 
EXP(- 1 0650/TEMP)* [MJ EXP(- Ill 70/TEMP)  
Gas phase CH 4 reactions 
Reactions used to describe the degradation of methane are shown in Table 5.9. Each 
reaction is listed with the corresponding rate coefficient together with its code where 
applicable. Data in this section regarding the methane chemistry were taken from the 
MCM (Saunders et al., 1997) in order to maintain a degree of consistency. As 
before, termolecular reactions are prefixed with the letters KR. The parameters used 
to describe this type of reaction are shown in Table 5.10. Also included in this 
section are two generic variables, RH and R02. These terms were introduced to 
represent the other organic species present in a polluted scenario that are not 
explicitly coded in the model. Although the values assigned for these rates were 
estimated, a great deal of effort was taken to ensure that they were characteristic of 
the reactions that they were designed to represent. 
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Table 5.9 Rates of the reactions that describe the oxidation of methane. 
Reaction Code Rate coefficient / cm3 molecule 1 s 
OH + CH4 - CH302 K1 1 
7.44E18*T2*EXP(1361rrEMP) 
CH302 ± H02 -* CH300H K13 
4.IE13*EXP(790fTEMP) 
OH + CH3NO3 - HCI-{O + NO2 K14 1.00E14*EXP(1060TTEMP) 
OH + CH300H -p CH302 K15 
1.90E12*EXP(190/TEMP) 
OH + CH300H - HCHO + OH K16 
1.00E12*EXP(190/TEMP) 
CH302 + NO - CH3NO3 K17 
3.00E15*EXP(280fTEMP) 
CH302 + NO - CH30 + NO2 K21 
3.00E12*EXP(280rrEMP) 
OH + HCHO - H02 + CO K33 
1.20E14*TEMP*EXP(287/TEMP) 
CH30H + OH - H02 + HCHO K34 
6.01E18*T2 *EXP(170/TEMP) 
CH302 - CH30 K50 
0.60E13*EXP(416ITEMP)*[CH302] 
CH302 -p HCHO KS 1 
0.61 E-1 3*EXP(4 I 6ITEMP)*[CH3O2] 
CH302 - CH30H K51 
0.61EI3*EXP(416/TEMP)*[CH302] 
R1-I+OH--'loss KIOl 5E-13 8 
RJ-I+NO3--'loss K102 
1E15a 
R02+NO'H02+NO2 K21  
CH302 + NO3 - CH30 + NO2  1E-12 
NO3 + HCHO - HNO3 + CO + H02  5.8E-16 
CH30 -p HCHO + H02 KR5 
7.20E14*EXP(1080/TEMP)*EMJ*0.2095 
CH302 +NO2 - CH302NO2 KRI3  
CH302NO2 - CH302 + NO2 KR14 
estimated value 
Table 5.10 Parameters used to generate rate coefficients for the termolecular 
processes included to describe the oxidation of methane. 
Reaction I(o K,, F 
KRI 3 2.50E30*((TEMP/300i55)*[M1 7.50E-12 0.36 
KR1 4 I 9.00E05*EXP(9694fl'EMP)*[M] 1.1 OE 1 6*EXP(1 0561 ,TEMP) 0.36 
Aromatic gas phase reactions 
The data used to describe the degradation of the aromatics were taken from the most 
recent version of the MCM (version 3). The reactions included in this model are 
shown in Table 5.11. 
M.A.J.Harrison 	 226 
Chapter 5 
	 Modelling Studies 
Table 5.11 Gas phase reactions and corresponding rate coefficient expressions 
for the aromatic species. Those reactions included at the foot of the table apply 
to the extended modeL 
n 
+ OH -i RO 
Rate / cm molecule' s' 
3.58E12*EXP(280/TEMP)*0.65*0.5 
+ OH - RO + HO2 
3.58E12*EXP(28orrEMp)*O.65*O.5 
+ OH - PHB + HO2 
3.58E12*EXP(280/TEMP)*O.25 
+ OH -' RO 
3.58E12*EXP(280/TEMP)*0.1O 
H —* c61-i5O 
2.63E11*0.067 
H -' PHLOSS F 2.63E-1 1*0.933 O3 - C6H50 + HNO3 3.78E12*0.251 O3  -4 PHLOSS 3.78E12*0.749  OH - C6H5OB 2.63E-11*0.067  OH -' PHLOSS 2.63E-11*0.933 NO3 - C6 450B +HNO3 3.78E12*0.251 
PFIB +NO3 - PHLOSS 
3.78EI2*0.749 
PHBLIQ + OH - C6450BLIQ 2.63E-1 1*0.067 
PHBLIQ + OH -* PHLOSS 2.63E-1 1*0.933 
PFIBLIQ + NO3 - C6H50BLIQ + HNO3 
3.78E12*0.251 
PHBLIQ + NO3 - PHLOSS 
3.78E12*0.749 
C6H50 + NO2 - APH 3.90E-13 
C6H50B + NO2 - AB 3.90E-13 
C6H50BLIQ + NO2 - ABLIQ 3.90E-13 
C6H50 + NO2 - NP2 3.90E-13 
C6H50B + NO2 - NP2 3.90E-13 
C6H50BLIQ + NO2 -4 NP2 3.90E-13 
Gas phase photochemical reactions 
Photolysis rates are calculated explicitly for each reaction at the beginning of each 
time-step throughout the time over which the model is run. Clearly the photolysis 
rates vary on a diurnal basis as well as varying with season and geographic location. 
In this model the amount of solar radiation which enters the box is parameterised 
using the term x  as described by Spencer (1971). The parameter X is defmed as the 
solar zenith angle such that x = 00 for when the sun is directly overhead at the equator 
and x = 900 at sunset and sunrise. This model has been coded to describe a European 
scenario using the conditions as highlighted in Section 5.2.7. 
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The actual values for the photolysis rates were calculated using three parameters, A, 
B and C that are specific to each reaction. There are many different ways in which 
these parameters may be incorporated into such an equation. In this work the "clean" 
chemistry photolysis reactions are described by the CMD approximation (Poppe et 
al., 2001) shown in Equation 5.7. 




Data for the photochemical reactions concerning the gas phase methane chemistry 
were taken from the MCM (Saunders et al., 1997) in keeping with the other methane 
reactions. The method used in this instance also uses the parameters A, B and C but 
the rates are calculated in a slightly different manner as shown in Equation 5.8. 
J = A (cos )8exp(Csec x) 	 (5.8) 
The photochemical reactions that have been included for the gas phase are listed in 
Table 5.12 together with the corresponding codes. The parameters used to describe 
these reactions are shown in Table 5.13. 
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Table 5.12 Description of the photochemical reactions that occur in the gas 
phase, together with the corresponding codes. 
Reaction Code 
NO2 — 
03P+ NO JN02 
O3 —011Y 




NO3 — NO2 + 03P8 J2NO3 
H202 —_OH + OH° 
J11202 
HCHOCO+HO2 +HO2 b 
HCHOCO+H2 b J12 
CH300H —p CH30 + OH 
b J41 
CH3NO3 - CH30 + NO2 
b J51 
(Poppe etal., 2001) 
(Saunders et al., 1997) 
Table 5.13 Parameters used to calculate the photochemical reaction rate 
coefficients. 
Reaction A B C 
JNO2 1 .03E-02 9.61 800E-0 1 8.4671 OE-0 1 
JO3 5.00E-05 3.29332 8.07820E-01 
J2O3 5.1 1E-04 3.71950E-01 9.22890E-01 
JHNO2 2.36E-03 1.06560 8.36440E-01 
JHINO3 8.07E-07 2.30845 8.13640E-01 
J1NO3 2.59E-02 2.96 180E-01 9.37480E-0 1 
J2NO3 2.30E-01 3.35 180E-01 9.30590E-0 I 
JH2O2 1.18E-05 1.65050 8.16060E-01 
Ji I 4.642E-05 0.762 -0.353 
J12 6.853E-05 0.477 -0.323 
J41 7.649E-06 0.682 -0.279 
J51 1.588E-06 1.154 -0.318 
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5.2.9 Liquid Uptake 
Although the natural appearance of clouds is diverse, in practice modelling this 
variation is not feasible. Indeed, not only would it be computationally difficult but 
could also mask the chemistry of interest. Therefore, for the purpose of this study, 
clouds were approximated by droplets with uniform size and density. Thus the 
aqueous phase was considered as a monodispersed cloud of droplets of diameter, d, 
and liquid volume fraction, Lc. Initial parameters governing the partitioning are 
shown in Table 5.14. 
Table 5.14 General parameters required to model the uptake of species into the 
liquid phase. 
Temp 298K 
Droplet diameter 1 E-3 cm 
Liquid volume fraction 3E-7 
These values that have been assigned to the liquid water content of clouds and the 
droplet diameter are largely in line with other similar multiphase models (Herrmann 
et al., 2000; Lelieveld and Crutzen, 1991; Molina et al., 1996; Poppe et al., 2001). 
Furthermore, they are also in agreement with the data acquired from experiments at 
Great Dun Fell which are shown in Figure 5.3. 
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Figure 5.3 The liquid water content and radius of cloud droplets during the 
Great Dun Fell field campaign. Data kindly received through personal 
communication (J. N. Cape). 
While these values were implemented throughout the development of the model it is 
worth remembering that troposphere clouds are continually evolving, either growing 
or dissipating. This process has the effect of constantly altering the Lc and droplet 
diameter over time; this variation has not been included at this stage of the model 
development. However, the effect of altering the droplet size and liquid water 
content over the duration of the model run was an issue that was investigated. 
The transfer of molecules from the gas phase to the aqueous phase and vice versa 
was treated using the approach developed by Schwartz (1986) where: 
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Transfer rate from the liquid to the gas = 
cA 	 (5.10) 
4L C HRT 
where: 
c 	is the mean molecular velocity of the gas / cm s 
A c 	is the specific surface area / cm 2 cm 3 . 
['overall is the overall uptake coefficient. 
Lc 	is the liquid volume fraction. 
H is the Henry's Law coefficient / M atm 1 . 
R 	is the Boltzmann's constant / L atm K 1 mo!4 . 
T is the temperature I K. 
The mean gas molecular velocity, c, may be calculated according to the Maxwell 




where Mis the molar mass (kg mol) and R is the Boltzmann's constant as before but 
now with units of J K' mor'. A, the specific surface area is given by: 
(5.12) 
C d 




cu 	I 	I 
8Dg 2 a 
where: 
Dg 	is the gas phase diffusion coefficient / cm2 s1 . 
a 	is the mass accommodation coefficient. 
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One additional assumption that has been made is that the species present in the liquid 
phase are equally dispersed through the aqueous phase itself i.e. that as soon as 
interfacial uptake occurs, the species is distributed at uniform concentration 
throughout the entire droplet. This issue was addressed by using the equation that 
describes the average distance travelled by diffusion in one dimension which is equal 
to 4(2Dt). Taking a typical liquid diffusion coefficient of ixiO 5 cm2 s, together 
with the approximate droplet diameter of lxi 0 cm, it was calculated that the time 
for a species to diffuse to the centre of a water droplet was only 0.0125 seconds. It 
was thought that on the basis of this calculation that the assumption could be 
considered as valid. 
Table 5.15 lists the 21 species for which phase transfer was considered together with 
the code with which they were associated. Particular care was taken whilst coding 
this part of the model as the concentrations of species in the gas and the liquid were 
described using different units. All gas phase concentrations were coded in 
molecules cm 3  whereas the liquid phase concentrations were coded in moles U'. In 
order for the phase partitioning to balance, scaling factors were included to account 
for these differences in units. Programming details covering matters such as these 
are described more fully in the Appendix. 
Unless otherwise specified, data for Dg, a and H were obtained from Herrmann 
(1999; 2000); values for c were calculated at 298 K. 
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Table 5.15 Species which may undergo phase partitioning between the gas and 
liquid phases, together with the associated code. Those species included at the 
foot of the table correspond to the extended model. 
Uptake description Code 
PHPHL KMT1 
PHB 	PHBL KMT1 
PHBLIQ RA PHBLIQL KMTI 
NO3 	NO3L KMT2 
BENZ BENZL KMT3 
OH 	OHL KMT4 
H02 H02L 
KMT5 
H202 	H202L KMT6 
HNO3 HNO3L KMT7 
HCFIO 	HCHOL KMT8 
HNO2 HNO2L KMT9 
HCOOH 	HCOOHL KMT1O 
CH302 CH302L 
KMT1 1 





CH30H 	CH30HL KMT16 
CO2CO2L KMTI7 
H02NO2 	HO2NO2L KMTI8 
NONOL KMTI9 
NP2 	NP2 1_KMT20 
NP4 NP4 KMT2I 
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Table 5.16 Uptake parameters for those species that undergo phase transfer. 
Those parameters included at the foot of the table correspond to the extended 
model. 
Species HIM atm' a Dg / cm 2 s' c / cm s' 
PH 1*EXP((5850/TEMP)11.6) 8 0.01 
b 0.0853 C 25908 
NO3 0.6 4E-3 0.1 31901 
BENZ 1*EXP((4000TTEMP)15.14) 
d IE-3 b 0.0895 C 28441 
OH 25*EXP(5280*(1/TEMP1/298)) 0.05 0.153 60922 
H02 9E3 0.01 0.104 
43726 
H202 1E5*EXP(6340*(1rFEMP1/298)) 0.11 0.146 43078 
HIN03 2. 1E5*EXP(8700*(1/TEMP1/298)) 0.054 0.132 31647 
HCHO 3000*EXP(7200*(1 /TEMIP- I t298)) 0.02 0.164 45860 
HNO2 49*EXP(4880*(1/TEMP1/298)) 0.5 0.13 36639 
HCOOH 5E3*EXP(5630*(1/TEMP1/298)) 0.012 0.153 37035 
CH302 6*EXP(5640*(1/TEMP_1/298)) 3.8E-3 0.135 36639 
CH300H 6*EXP(5640*(1/TEMP 1/298)) 3.8E-3 0.131 36255 
NO2 1.2E2*EXP(2500*(1/TEMP1/298)) 1.5E-3 0.192 37035 
N205 1.4 3.7E-3 0.11 
24170 
03 1 . 1E2*EXP(2300*(1/TEMP1/298)) 5E-2 0.148 36256 
CH30H 2 .2E2*EXP(5390*(1/TEMP1/298)) 1.5E-2 0.116 44404 
CO2 3 . 1E2*E)(P(2423*(1/TEMP1/298)) 2E4 0.155 37868 
H02NO2 1E5 0.1 0.13 
28261 
NO 1.9E-3 0.01, 
0 .227166C 45860 
NP2 1*EXP(6270/TEMP16.6) 0.01 0.07727 21305 
NP4 990*E)(P(6000*(I/ TEMP-1/298) 0.01 0.07727 21305 
a 	(Harrison et al., 2002) 
b 	estimate 
calculated values 
d 	obtained from the online database maintained by R. Sander (1999a) 
(FinlaysonPitts and PiUs, 2000) 
For the species for which no literature values for the gas diffusion coefficients exist, 
estimates were calculated using the method devised by Fuller et al. (1969). This 
states that the diffusivity of A in B, in the gas phase, is given by: 
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where: 
'\ 1i2 
10_3 T175 I+_! 
MA MB) 
Dg= 
F(~: pv)A ' +(v)B J 
(5.14) 
Dg 	is the diffusion coefficient / cm 2 s'. 
T 	is the temperature / K. 
p 	is the pressure / atm. 
MA is the molar mass of compound A /g mor'. 
MB is the molar mass of compound B /g mor'. 
( 
v) is the atomic diffusion volume of compound A. 
( 
v)8  is the atomic diffusion volume of compound B. 
Values for the atomic diffusion volumes of compounds may be assigned by 
summation of the diffusion volumes for each element. The dimensionless volume 
increments for atoms and simple molecules are listed in references (Logan, 1999; 
Sinnott, 1996). 
5.2.10 Liquid Phase Reactions 
As highlighted in Section 2.5.2, in recent times new kinetic data for reactions 
concerning species in the aqueous phase have become available. This has in turn 
been reflected in the development of more advanced liquid phase models. The most 
recent aqueous phase chemical mechanism, described by Herrmann et al. (2000), 
includes the oxidation of organic compounds with two carbon atoms. However, in 
order to mirror the chemistry coded for the gas phase, the model described here 
includes the oxidation of orgarncs with only one carbon atom. The majority of the 
data used to describe the liquid phase chemistry have been taken from the work by 
Herrmann and co-workers (1999; 2000). As for the clean chemistry of the gas phase, 
photolysis reactions have been described using the protocol developed by 
Poppe et al. (2001). Data required to describe the liquid phase aromatic chemistry 
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proved more difficult to acquire. Sources for these data are described more fully in 
the relevant subsection. The pH dependence and the temperature dependence for all 
these reactions have been explicitly coded where appropriate. Data used in the 
model to describe the liquid phase reactions are given in Tables 5.17 to 5.22. 
Table 5.17 Aqueous phase OH reactions and their corresponding rate coefficient 
expressions. 
Reaction Rate coefficient I L mor' s ' 
03L + 021 + HL -, 202L+ OHL 1.5E91}{4t 
H02L + H02L - OL + H202L 
H02L+ 021 + J{L - H202L+ 02L 
8.3E5*EXP(2720*(1rFEMP1/298)) 
9.7E7*EXP(1060*(1/TEMP1/298)) / HL 
H02L + OHL - H20L + 02L 
IE1O 
02 L+ OHL - OH1+ 02L 
1JE1O*EXP(2120*(1/TEMP1/298)) 
H202L + OHL - H02L + H20L 
3E7*EXP(1680*(1/TEMP1/298)) 
CH300HL + OHL - CH302L + H20L 
3E7*EXP(1680*(1/TEMP1/298)) 
Table 5.18 Aqueous phase N reactions and their corresponding rate coefficient 
expressions. 
Reaction Rate coefficient / L mor' s 
N205L + H20L - HL + HIL + NO3l + N031 
5E9*EXP(1800*(1/TEMP1/298)) 
NO3L + OH1 - N031 + OHL 
NO3L + H202L - N0,l + HL + H02L 
9.4E7*EXP(-27004(1ITEM1-1/298)) 
4.9E6*EXP(-20004(1/TEMP-1/298)) 
NO3L + CH300HL - N031 + HL + CH302L 
4.9E6*EXP(2000*(1/TEMP1/298)) 
NO3L + H02L -, N031 + }fl. + OL 3E9 
NO3L + 021 - N031+ 02L 
3E9 
NO2L+0HL'NO3l+HL 1.2E10 
NO2L+ 021 - N021+ 02L 1E8 
NO2L + NO2L - HNO2L + NO3l + HL 
1E8*EXP(2900*(1/TEIV1P1/298)) 
02N021 - N0L + 02L 4.5E-2 
N021+01L'NO2L+OHL 1.1E10 
N021 + NO3L - N031 + NO2L 1 .4E9 
NOjL + CIIL -' Cli + Cli + NO2L 6E7 
NOjL+ C0L -' C0321+ NO2L 6.6E5*EXP(850*(1ITEMP1/298)) 
N021 + 03L -i NO3i + 02L 
5E5*EXP(6900*(1/TEMl)198)) 
H1IO2L+0HL'NO2L+H20L 1E9 
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Table 5.19 Aqueous phase organic reactions and their corresponding rate 
coefficient expressions. 
Reaction Rate coefficient / L mor' s_I 
CH30HL + OHL — H20L + H02L + HCHOL 1E9*EXP(-580(1/TEMP-1/298)) 
CH30HL + NO3L — N031 + H41 + H02L + HCHOL 
5.4E5tEXP(-4300(1/TEMP-1/298)) 
CH3014L + C12 L — 2C11 + F['L +H02L + HCHOL 
1000*EXP(5500*(1/TEMP1/298)) 
CH30HL + C031 —, C0321 + HL ± H02L + HCHOL 2.6E3 
CH2(OH)2L + ORL —, H20L + H02L + HCOOHL 
1E9*EXP(1020*(1/TEMP1/298)) 
CH2(OH)2L + NO3L —' N031 + HL + H02L + HCOOHL 
1E6*EXP(4500*(1/TEMP1/298)) 
CH2(OH)2L + C121 
3.1E4*EXP(4400*(1/TEMP1/298)) 
crL + crL + }tL + H02L + HCOOHL  
CH2(OH)2L + C031 —p c032 	+ HL + HO2L + HCOOFIL 1.3E4 
HCOOHL + OHL — H20L + H02L + CO2L 
1.3E8*EXP(1000*(1/TEMP1/298)) 
HCOO1 + OHL —+0111+ H02L + CO2L 
4E9*EXP(-1020(1/TEMI-1/298)) 
HCOOHL + NO3L — N031 + HL + H02L + CO2L 
3.8E5*EXP(-3400(1/TEMP-1/298)) 
HCOO + NO3 — NO3 + H02 + CO2L 
5.lE7*EXP(2200*(1/TEMP1/298)) 
HCOOHL + C121 — 2C11 + HL + H02 + CO2L 5500*EXP(4500(1/TEM11298)) 
HCOOL + C1L — CIL ± Cli + H02L + CO2L I .3E6 
HCOO1 + C031 — C0321 + H02L + CO2L 1 .4E5tEXP(-33OO(1/TEMP-1/298)) 
CH302L + CH302L — CH30HL + HCHOL + 02L 
1.7E8*EXP(-2200*(1/TEMP4/298)) 
Table 5.20 Aqueous phase chlorine reactions and their corresponding rate 
coefficient expressions. 
Rate coefficient / L moI s4 
 + Cli —* N031 + C1L 
1E7*EXP(43OO*(l/TEMP1/298)) rReaction + C1L —' Cl2L+ 2CL 8.7E8 + H2O2L —* Cli + CrL + H4L + HO2L 7E5*EXP(-3340(1/TEMP-1/298)) 
C12 L + CH300HL — C1L + CrL + HL + CH302L 
7E5*E)(P(3340*(1/TEM1/298)) 
C12 L + OWL — Cli + Cli + OHL 4E6 
C12 L + HO2L — C1L + CIL + HL ± 02L 1.3E10 
Cl2 L+ 021 — 2C1L+ 02L 6E9 
C12L+ H20L — llL+ C1i+ HOC1L 
0.40*EXP(-7900(l/TEMP-1/298)) 
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Table 5.21 Aqueous phase carbonate reactions and their corresponding rate 
coefficient expressions. 
Reaction Rate coefficient / L mor' 
s 
HCO3 L + OHL - H20L + C031 1.7E7*EXP(1900*(1/TEMP1/298)) 
C0321 + OHL - OHl + C031 
1E9*EXP(2550*(1/TEMP1/298)) 
C0321 + NO3L -4 N031 + C031 I .7E7 
+ CIL -* 2CFL + CO3l 2.7E6 
C031 + C031 -' 2021 + 2CO2L 2.2E6 
CO3 L + H202L -' HCO3 L + H02L 4.3E5 
C0L + CH300HL - HCO3 L + CH302L 4.3E5 
C031 + H02L - HC031 + 02L 6.5E8 
C031 + 0L - C0321 + 02L 6.5E8 
Table 5.22 Aqueous phase equilibria and their corresponding rate coefficient 
expressions. 
Reaction Forward rate coefficient / 
L mor' s ' 
Backward rate coefficient I 
L mol' s' 
H20LH4L+0Hl 2.34E5* 
EXP(6800*(1/TEMP 1/298))  
1.3E11 





H2CO3L}{L+HCO3L 1E7 5E10 
HC031 	I{L + C032 L 2.35k 
EXP(- I 820*( 1/TEMP-I /298))  
5E10 
H02L 	HL + 021 8E5 
5E10 
HNO3LHIL+NO3l I.1E12* 
EXP(I 800*(1/TEMPI/298))  
5E10 
HNO2L 	1-tL + N021 2.65E7t 
EXP(4 760*(1/TEMP1/298))  
5E10 
H02NO2L 	+ 02N021 5E5 
5E10 
NO2L + H02L 	H02NO2L 1E7 
4.6E-3 
HCOOHIL 	HCOOL + HL 8.85E6* 
EXP(1 2*(1/TEMP1/298))  
5E10 
HCHOL + H20L 	CH2(OH)2L 0.18* 
EXP(4030*(1/TEMP 1/298))  
5.IE-3 
C1L+CYLC12l 2.7E10 1.4E5 
Cli + OHL 	C1OFIL 4.3E9 6.1E9 
C10ffL+I{ 4 LClL+H20L 2.1EIO 1.3E3 
CIOHL + Cli 	C12i + OH1 1E4 4.5E7 
HCIL 	HPL + CIML 8.6E16* 
EXP(6890(1/TEMP- 1/298)) 
5E10 
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Aqueous phase aromatic reactions 
The data required to describe the aromatic chemistry of the liquid phase were taken 
from a number of sources. The rate coefficient for the reaction of benzene with OH 
was taken from Pan et al. (1993). A value of 1 .8x io L mor' was used for the 
reaction of NO3 + PH; this was initially acquired through personal communication 
with Paolo Barzaghi. This value has been subsequently published (Barzaghi and 
Herrmann, 2002; Umschlag et al., 2002) and compares well with the value of 
1 .9x i09  L mor' s' in the UNARO report (UNARO, 2001). In addition, the data to 
describe the loss of phenol through reaction with OH were also taken from the 
UNARO report (UNARO, 2001). 
Table 5.23 Aqueous phase aromatic reactions and their corresponding rate 
coefficient expressions. Those reactions included at the foot of the table apply to 
the extended model. 
Reaction Rate coefficient / L mor' s ' 
PF1L+NO3L—LPH 1.8E9 
PHBL+NO3LLB 1.8E9 
PHBLIQL + NO3L —p LBLIQ 1.8E9 
BENZL + OHL - PHBLIQL 1.55E8 
BENZL + OHL - OPL 1.55E8 
PHIL + OFIL - PFILLOSS 6.6E9 
PHBL + OHL - PHLLOSS 6.6E9 
PHBLIQL + OHL - PHLLOSS 6.6E9 
PHL + NO3L - NP2L I .8E9/2 
PHIL + NO3L — NP4L 1 .8E9/2 
PHBL + NO3L — NP2L 1.8E9/2 
PHBL + NO3L —+ NP4L 1 .8E9/2 
PHBLIQL + NO3L — NP2L I .8E9/2 
PHBLIQL + NO3L —* NP4L I .8E9/2 
Aqueous phase photochemical reactions 
Photochemical reactions in the liquid phase require exactly the same sorts of data 
input as those that occur in the gas phase. Parameters A, B and C were used to 
describe individual photolysis rates in conjunction with X which describes the amount 
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of incoming radiation throughout the day. The data used in this model to describe 
these liquid phase photolysis reactions come from the CMD protocol (Poppe et al., 
2001). This is consistent with the expressions used to describe the photochemistry of 
the gas phase. The way in which the rates were calculated is shown once more by 
Equation 5.15. 




The photochemical reactions that have been included for the liquid phase are listed in 
Table 5.24 together with the corresponding codes. The parameters used to describe 
these reactions are shown in Table 5.25. 
Table 5.24 Description of the photochemical reactions that occur in the liquid 
phase, together with the corresponding codes. 
ction Code 
2L - OHL + O}IL 
JH2O2L 
 -. NOL + OHL + OH1 K-L J1402ML 
1 - NOL + OFIL + OWL JNO3ML 
Table 5.25 Parameters used to calculate the photochemical reaction rate 
coefficients. 
rReaction A B C 
JH2OL 1.359E-05 1.449 1.007 
TJN02ML 8.757E-05 1.343 9.156E-01 
[JNO3ML I 1.439E-06 1.480 1.019 
5.3 Chemical Mechanism Description 
While it is important that the input data are displayed in the form of tables, it can 
prove difficult to appreciate the chemistry that is described when it is in such a 
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format. To address this problem, in this section the chemistry that has been included 
in the model is described with the help of reaction diagrams. 
5.3.1 Gas Phase Reactions 
The first of twelve such diagrams is Figure 5.4 which indicates the chemistry that 
has been coded to describe the HO chemistry of the gas phase. In all of these 
diagrams red arrows have been used to signify photochemical reactions and species 
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Figure 5.4 Schematic highlighting the HO chemistry coded for the gas phase. 
The daytime chemistry of the troposphere is dominated by hydroxyl radicals. In the 
troposphere the hydroxyl radical provides an efficient chemical mechanism for the 
removal of many of the pollutants that are released due to man's activities, as well as 
a significant number of biogenic species. Although OH may be generated by a 
number of reactions, its main route of formation is by the photolysis of ozone at short 
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wavelengths (< 320 nm). This yields the electronically excited state of the oxygen 
atom, O('D), which may then react with water to give the hydroxyl radical. Since 
water is only a minor component of the atmosphere, this is only a minor fate of 
O('D) atoms. Around 90 % of the O('D) atoms are collisionally deactivated to 
generate ground state oxygen, O( 3P). However, virtually all ground state 0 atoms 
regenerate ozone through recombination reactions with 02.  The most important loss 
routes for the OH radical are through reactions with carbon monoxide and methane 
in the clean troposphere, and through reactions with NO2 and the other orgarncs 
present in more polluted environments. 
Ozone, the photochemical precursor of hydroxyl radicals, is formed by 
photochemical oxidation and is also transported via stratospheric-tropospheric 
exchange from the stratospheric ozone layer. During daylight hours, NO2 present in 
the troposphere may be photolysed to form an oxygen atom, which followed by the 
combination reaction with 02, gives ozone. However, this is a reversible process as 
the NO, formed as a result of the photolysis of NO2, may be oxidised back to NO2 by 
reaction with 03. The overall ability of this process to form 03 is determined by the 
light intensity and the concentrations of the different NO species. 
At night, the NO3 radical takes over from the OH radical as the dominant oxidant in 
the atmosphere. The complementary relationship of the two radical species is 
illustrated in Figures 5.4 and 5.5. It can be seen that during the day OH is formed 
through photochemical reactions whereas NO3 is lost through photochemical 
reactions. Although the nitrate radical is, in general, much less reactive than OH 
towards many organic compounds present in the troposphere, its concentration 
during the night is up to three orders larger than those of OH during the day. As a 
result, the oxidative capacity of NO3 at night is thought to be comparable to that of 
OH during the day. Although there are a number of potential sources for NO3, in the 
troposphere, it is mainly formed at night by the reaction between NO2 and 03. 
During the day NO3 is rapidly photolysed to give either NO or NO 2 . 
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Figure 5.5 Schematic highlighting the NO 1  chemistry coded for the gas phase. 
Collectively termed NO R, NO and NO2  enter the troposphere by natural sources such 
as lightning and biological processes as well as by anthropogenic sources such as 
through combustion processes. Reactions of NO with a number of species lead to the 
generation of NO2. During the day NO 2  is photolysed to give NO and an oxygen 
atom which can combine with oxygen to produce ozone. This reaction acts as the 
main way in which ozone is formed in the troposphere. However, this process is 
balanced by the reverse reaction in which NO and 03 combine to give NO2. In this 
way not only is the chemistry of the NO species closely knit, but the NO x species 
are also inextricably tied with those of the HO x cycle. 
Methane is an important constituent of the troposphere. It is emitted from a range of 
natural and anthropogenic sources and has a lifetime of several years. The oxidation 
schematic coded in the model is shown in Figure 5.6. The oxidation of methane is 
initiated by the hydroxyl radical which abstracts hydrogen from CH4 to give a methyl 
radical, CH 3 . This reacts rapidly with oxygen to form a methylperoxy radical, 
CH302. In an urban environment during the day, this will probably react with NO to 
form a methoxy radical CH30, that in turn reacts with oxygen to form formaldehyde, 
HCHO. In less polluted scenarios in which NO concentrations are lower, the 
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methylperoxy radical reacts with the hydrogen peroxy radical, H0 2, to generate 
methyl hydroperoxide, CH 300H. This may react photochemically or be oxidised by 
OH. Ultimately formaldehyde is produced by both routes, which is oxidised further 
to give CO and H02 
CH3NO3 0 	
CO + H02 + H02 
-  
CH4 	' CU3O- 	 ' CHO 	l-ICH() 	HO, + CO 
N 0/ 	
OH 	







Figure 5.6 Schematic highlighting the degradation pathways for methane in the 
gas phase coded in the model 
5.3.2 Liquid Phase Reactions 
In the liquid phase diagrams the same notation is used except that double headed 
arrows are now introduced to represent equilibrium reactions in the liquid phase. 
The aqueous phase HO chemistry coded in the model is shown schematically in 
Figure 5.7. As in the gas phase the hydroxyl radical is probably the most important 
radical in the aqueous phase of the atmosphere. It can diffuse into atmospheric 
droplets from the gas phase or can be formed in solution by the photolysis of nitrate, 
nitrite and hydrogen peroxide. The OH radical is involved in a number of 
inter-conversion reactions with the other HO species in the liquid phase, but its main 
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loss routes are through reactions with organic species such as CH2(OH)2 and 












Figure 5.7 Schematic highlighting the HO chemistry coded for the liquid phase. 
The main aqueous phase source for the other H0 radicals, H02 and 1 -1202 is thought 
to be the direct transfer from the gas phase, as for OR In addition to these uptake 
processes, H02 may be formed by a number of interconversion reactions; the 
dominant process being the H atom abstraction reaction between OH and H202. 
H202 may also be formed in the liquid phase by the self reaction of H02 or by the 
reaction of H02 with the radical anion 02. 
While OH may be formed by a number of liquid phase reactions, the nitrate radical is 
transferred almost exclusively from the gas phase. As in the gas phase, NO3 reacts as 
a strong oxidant in the liquid phase (Figure 5.8) mainly by electron transfer 
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mechanisms that produce NO3. However, unlike the OH radical, the most important 
loss routes for NO3 are thought to be through reactions with the halogens present in 
the liquid phase. 
N205 H20- 
_______ 	 NO3 












H2O2C D  
H02NO2 	ONO 
Figure 5.8 Schematic highlighting the NO chemistry coded for the liquid phase. 
Both NO and NO2 may also be transferred from the gas phase into the liquid phase. 
However, the solubility of these species is low with Henry's Law values of 
1.9x IO M atm t and 1.2x10 2 M atm t  for NO and NO2 respectively. Liquid phase 
production of these species is largely through the reactions of the nitrate and nitrite 
ions present in cloud water. 
The aqueous phase methane chemistry coded in the model is shown schematically in 
Figure 5.9. Each of the organic species formed during the gas phase degradation of 
methane may be taken up by the liquid phase. Thereafter these species are subject to 
oxidation not only by radicals such as OH and NO3 but also by radical anions such as 
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C12 and CO3. 	Particular to the liquid phase is the equilibrium between 
formaldehyde and methandiol. Oxidation proceeds via the diol to generate formic 
acid. The final step is the oxidation of formic acid or its anion with which it is in 
equilibrium, depending on the pH of the liquid droplet. 
CH300H 












H20  + H02 + CO2V 	 OH- + H02 + CO2 
NO2 + H02 + CO2 
LLIN
NO3- +HO2+CO2 + H 
	
Cl- + HO2 + CO2 
2C1- + H + H02 + CO2 	
C032 +1102 + CO2 
Figure 5.9 Schematic highlighting the Cl chemistry coded for the liquid phase. 
Of the halides that are present in atmospheric water, by far the most abundant is 
chloride. As highlighted in Figure 5.10 the dichioride radical anion, C1 2 , may react 
with a number of species mainly by the electron transfer mechanism. Consequently, 
the cycling of the different chlorine species is driven largely by the abundance of the 
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primary radicals, namely OH and NO3. For example, the formation of C12 is 
dependent on the Cl atom which is generated from C1OH. In turn C1OW is 
produced by the reaction of Cl - and OR As a result, the profile of the C1 2 is 
comparable with that of OR Despite the relatively small number of chemical 
reactions included in the chloride cycle, the dichloride radical anion in particular 
plays an important part in the chemistry highlighted in the other figures contained in 
this section. 
Cl- 
/ NO2- 	 HC1 
/O- H- 02- 






Figure 5.10 Schematic highlighting the chlorine chemistry coded for the liquid 
phase. 
The CO2 present in the gas phase of the troposphere dissolves into water droplets 
(Figure 5.11) and hydrates to give the bicarbonate ion, HCO3. This may then be 
oxidised by OH to produce the carbonate radical ion, CO3. Carbonate and 
bicarbonate radicals are involved with the interconversion of several liquid phase 
species through both hydrogen abstraction and by electron transfer mechanisms. 
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FI')02 / HO 
Figure 5.11 Schematic highlighting the carbonate chemistry coded for the liquid 
phase. 
5.3.3 Reactions of Aromatics 
This section illustrates the chemistry that has been coded to describe the aromatic 
species contained in the model. In these diagrams, such as Figure 5.12, double 
headed arrows are used to represent phase transfer between the gas and the liquid 
phase. 
GAS PHASE 	 RO 	
EMISSION 	 PHLOSS 
0111 
	
PH 	/OH C61-150 	NO' APH 
EMISSION 	BENZ 	 PHB C6H50B 
AB 
PHBLIQ NO3 C6H50BLIQ 	 ABLIQ 
LIQUID PHASE 	
IF 	 OHIP1-IL 	NO3L 	LPH 
BENZL wPHBL - s-LB 
O 	
PHBLIQL 	 LBLIQ 
HL\ 	
\ HL 
OPL 	 PHLLOSS 
Figure 5.12 Schematic highlighting the aromatic chemistry coded for both the 
gas and liquid phases. 
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The degradation of aromatics in the troposphere is one area for which there remains a 
large amount of uncertainty. Hence this is reflected in the simplified treatment of 
these species in the model. This model contains data from the current MCM, 
version 3, which describe the oxidation of gas phase benzene by the OH radical. 
Around 25 % of the benzene reaction with OH gives phenol with the remainder 
forming ring opened species. While the oxidation of benzene is also thought to be 
initiated by the NO3 radical, this process can be considered as only a minor route. 
The rate coefficient for the reaction of benzene with OH is quoted at 
1.39x10 12 cm3  molecul&' s at 298 K, whereas the rate coefficient for the reaction 
with NO3 is given at less than 3 xl 
0- 17 cm3  molecul&' s at the same temperature 
(Calvert et al., 2002). Phenol reacts with OH and NO3 by the hydrogen abstraction 
mechanism to produce the intermediate C 6H50 which may then combine with NO2 to 
generate nitrophenol. 
As indicated in Figure 5.12, at each stage of this oxidation process the aromatics 
may be taken up by the liquid phase. Although benzene has a very low Henry's Law 
coefficient (expressed as a liquid to gas ratio), phenol is likely to show some 
solubility in water. In the liquid phase, benzene is oxidised through reaction with 
OH to produce phenol as well as other liquid phase products. As in the gas phase, 
oxidation of benzene may be performed by the NO3 radical. While the rate 
coefficient of the reaction between NO3 and benzene has been obtained 
experimentally (Herrmann et al., 1995; Herrmann et al., 1996), there have not been 
any studies investigating the products of this reaction. Furthermore, it was also 
thought that overall the liquid phase oxidation of benzene would be a minor route in 
the formation of nitrophenols due to the low solubility that benzene exhibits in 
atmospheric water. Finally, the phenol present in the liquid may then react with NO3 
to yield nitrophenol, or may be lost from the system through reaction with OH. 
While the two monomers, 2-nitrophenol and 4-nitrophenol are thought to be the main 
reaction products of the reaction between phenol and NO3, the proportion in which 
these species are produced under atmospheric conditions remains uncertain. 
Therefore in the extended model the ratio of the two nitrophenols formed is varied to 
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generate three different scenarios. One scenario produces equal amounts of 
2-nitrophenol and 4-nitrophenol from the liquid phase reaction whereas the other two 
scenarios describe situations in which the yield is skewed to generate predominantly 
either 2-nitrophenol or 4-nitrophenol. 
While Figure 5.12 describes the chemistry that is included for the aromatic species 
together with their codes, Figure 5.13 indicates the way in which these codes may be 
used to follow the various reaction pathways. For example, benzene present in the 
atmosphere may be oxidised first to phenol and subsequently to nitrophenol by gas 
phase processes. This route is shown by the red arrows and is represented in the 
model by the code AB. In a similar fashion, it is possible to follow the liquid phase 
reaction of the phenol emitted into the system to give nitrophenol. This reaction path 
is highlighted by the green arrows and is represented in the model by the code LPH. 
This information is also summarised in Table 5.26. 
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Figure 5.13 Schematic highlighting the way in which the coding allows the 
routes of formation of the nitrated phenols to be assigned. Only in the extended 
"products" model is the final partitioning of the nitrophenol included. 
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Table 5.26 Descriptions of the various reaction pathways together with the 
associated colours and coding. 
Description of reaction pathway. Colour code in Model code 
Figure 5.13 for product 
Gas phase nitrophenol produced by gas phase reaction of phenol hatched blue APH 
that was originally emitted into the gas phase.  
Gas phase nitrophenol formed from gas phase phenol that had hatched red AB 
been produced from benzene by gas phase reaction. 
Gas phase nitrophenol derived from gas phase phenol produced orange ABLIQ 
from benzene by liquid phase reaction. 
Liquid phase nitrophenol produced by the liquid phase reaction of green LPH 
phenol that was originally emitted into the gas but then 
partitioned into the liquid phase.  
Liquid phase nitrophenol formed from gas phase phenol produced pink LB 
that was produced from benzene by gas phase reaction. 
Liquid phase nitrophenol converted from liquid phase phenol cyan LBLIQ 
produced from benzene by liquid phase reaction. 
Finally the model was extended to include the partitioning of the nitrophenol 
products. In this way it was possible to determine the amounts of nitrophenol present 
in each phase at the end of the model run. By comparing the route of formation with 
the fmal concentrations of the nitrophenols in each phase, it is possible to determine 
whether the mtrophenol produced in the gas phase was solely produced by gas phase 
reaction or whether liquid phase processes were involved. 
5.4 Model Construction 
The overall aim of the model was to investigate the partitioning of benzene and 
phenol and to study the fraction of phenol lost through reaction in both the gas and 
liquid phases. However, in order to construct the model successfully, it had to be 
slowly built up piece by piece, testing it at each stage to ensure the validity of the 
output data. 
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The initial task was not to produce such a complex gas phase mechanism such as that 
described by the MCM (Saunders et al., 1997), but to produce a reliable scheme 
which adequately described the behaviour of the major chemical components in the 
gas phase of the troposphere. Once the gas phase chemistry was satisfactorily coded, 
the model was then extended to include both the gas uptake into the liquid phase, as 
well as the liquid phase reactions themselves. At this point the model was 
thoroughly tested to ensure that the chemistry that had been coded was an accurate 
representation of the processes that occur in tropospheric clouds. As well as 
performing a series of tests to ensure that the actual coding was correct, the data 
output were also compared with existing multiphase models. Finally, sufficient 
aromatic data were added to identify the relative importance of the different nitration 
pathways of aromatics in the troposphere. 
5.4.1 Model Validation 
It is acknowledged that the compilation of computer models is an important tool for 
improving the understanding of the atmospheric processes. However, before a 
chemical model can be used for research purposes, it is important to show that it 
accurately describes the chemistry that it is designed to represent. 
General detection of erroneous input data 
The first stage of this validation process was to ensure that the input data obtained 
from the different sources highlighted in Section 5.2 were consistent with the 
scenario that the model was intended to describe. Thereafter it was important to 
make sure that the data were coded in the correct manner. This was initially 
achieved by manually checking that the data themselves had been accurately added 
to the model and that it had been coded in the correct manner. As the production of a 
computer model is a process of continual development and refmement, the checking 
of the input data was an important step that was performed at each stage of model 
development. In addition to checking the accuracy of the actual data that were 
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coded, it was also necessary to check that the chemistry that was coded was a fair 
reflection of the processes that occur in the atmosphere that the model was designed 
to represent. To address this issue the diagrams shown in Figures 5.4 to 5.13 were 
constructed to represent the chemical reactions included in the model. By examining 
these reaction schemes it was possible to identify erroneous sinks or highlight gaps in 
the chemistry that should have been included in the model. Finally the output data 
were analysed to ensure that the concentrations of the various chemical species were 
cycling with the correct diurnal profile and at the expected concentrations. This 
proved to be an effective tool in tracking down problems such as those species for 
which no feedback mechanism had been coded. The output data were analysed at 
each stage of the development of the model in order to ensure that the latest 
modifications had been coded correctly. For example, Figure 5.14 shows the output 
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Figure 5.14 An example of output data from the model run at 288 K without the 
inclusion of the liquid phase. 
M.A.J.Harnson 	 256 
Chapter 5 	 Modelling Studies 
The model was coded such that all the different variables and parameters were 
expressed in the form of output tables. After the model was run, a macro was 
utilised that automatically combined the output files into a single worksheet that 
displayed the concentration of the different chemical species in the form of graphs 
such as in Figure 5.14. This proved a useful tool in the development of the model. 
By looking initially at the primary radicals, OH and NO3, it could be seen whether 
the model was well behaved. It can be seen in Figure 5.14 that the OH and NO3 
species were cycling on a diurnal basis with the initial time of zero hours 
representing midnight. The production of the OH radical is initiated by the 
photolysis of ozone and therefore reaches its peak concentrations during daylight 
hours. On the other hand, the nitrate radical is formed by the reaction of NO2 with 
03 but is photolysed rapidly during the day. 
During this stage of model development, simulations were performed for a duration 
of several weeks. In this way it was possible to detect any erroneous feedback 
mechanisms as well as to ensure that the model coding was stable. The output data 
acquired during the development of the model frequently indicated that the different 
species were not always well behaved over this time period. As a result, the coding 
was checked and amended where necessary such that the final model produced an 
output that was stable. Data from the final model conditions are shown in 
Figure 5.14 in which the concentrations of the two species highlighted are stable for 
the three days over which this model was run. Finally it was important that the 
output data that the model produced were a fair description of the environment that 
the model was designed to simulate. Here, for example, maximum values of 
approximately 2x10 7 molecules cm 3 and 2x109 molecules cm 3 for OH and NO3 
respectively were thought to be a reasonable approximation to a polluted 
environment. 
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Detection of FACSIMILE coding errors 
In addition to these issues regarding the actual chemistry that was included in the 
model, other problems regarding the programming of the computer coding were also 
encountered. These were generally a result of variables or parameters not being 
declared in the correct manner or other such syntax errors. When compilation errors 
such as these were made, the model failed to run and a log file was generated that 
gave some indication of the cause of the problem. However, while this proved to be 
a satisfactory system by which errors in programming could be highlighted, this 
facility had no way of checking that the chemistry itself was correct. 
Model validation using internal checking mechanisms 
It was also possible to confirm the accuracy of the coding by performing a series of 
internal checks. For example, by summing the concentrations of a group of 
compounds, such as the aromatics, it could be demonstrated that mass balance was 
maintained throughout the duration of the model run and no aromatics were 
inadvertently lost from the system. It was important for studies such as this that the 
summation process was carried out within the framework of the FACSIMILE model; 
summation after exporting the output data into a spreadsheet, such as EXCEL, was 
found to generate small but significant rounding errors. This internal validation 
system was particularly useful in confirming the accuracy of the coding governing 
the uptake of species from the gas into the liquid phase. Other internal checks that 
were performed in a similar fashion included: the N mass balance across both phases, 
the ion balance of the liquid phase, and the checking of the coding governing 
emission and deposition rates. 
Model validation through comparison with other models 
Another important part of model development and validation was the comparison of 
the model with other multiphase models. In particular, two models compiled by 
I-Ierrman and co-workers (1999; 2000) and by Sander and co-workers (1999b; 1996; 
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1996) proved useful in confirming the effect of the liquid phase upon the 
concentrations of gas phase species. In addition to the information contained in these 
papers, supplementary information regarding the coding of the two different models 
is available on the web at the following URL: 
http ://www.tropoS.de/CHEMIE1mu1t1m0 IcaP1 html 
http: //www.mpch maiflZ.mpg.de/sander/mo'(22)  
The author is also grateful to the assistance given by Dr Barbara Ervens for 
clarifying and explaining certain aspects of the coding included in the "CAPRAM" 
model developed by the Herrinann group. 
When comparing the output from different models it is important to ensure that both 
models describe similar scenarios. This not only concerns the initial concentrations 
of the various species, but also the temperature, emission and deposition rates, 
parameters defining the liquid droplets as well as the actual chemistry that has been 
included in the model. 
While the chemistry governing scenarios that describe clear air conditions are 
relatively well documented, those models that consider the iufluence of the liquid 
phase are a more recent development. In such multiphase models the liquid phase 
acts as an additional sink for the gas phase species. Indeed the majority of the 
primary radicals, OH and NO3, present in the liquid phase are thought to result from 
phase transfer of radicals from the gas phase. As a result, this process impinges upon 
the concentrations of the gas phase species. Figure 5.15 highlights the gas phase 
concentrations of the OH and NO3 radicals in a multiphase scenario. 
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Figure 515 An example of output data from the model run at 288 K including 
the liquid phase chemistry with Lc = 3x10 7 . Data shown here are for the gas 
phase species OH and NO3 with units of molecules cm 3. 
It can be seen in Figure 5.15 that the OH and NO3 species were cycling on a diurnal 
basis with the initial time of zero hours representing midnight. However, while the 
profiles of the gas phase species remain largely unchanged by the presence of the 
liquid phase, the concentrations are affected considerably (cf Figure 5.14). For 
example, the concentration of the OH radical during the day has been reduced from a 
maximum value of 2x 107  molecules cm 3  in the absence of the heterogeneous phase 
to i x 107  molecules cm 3  by the addition of the aqueous phase. This effect is greater 
still for the NO3 radical which is reduced from a nocturnal maximum concentration 
of 2x109 molecules cm 3  prior to the addition of the aqueous phase to just 
2x 107  molecules cm 3 . Clearly these changes to the radical budget are of huge 
importance to the chemistry of the gas phase and illustrate the importance of 
explicitly coding the full chemistry of the liquid phase when describing cloud 
processes. Furthermore, this also highlights the large impact that the relatively small 
amount of liquid present in clouds has upon the chemistry of the gas phase. 
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5.5 Results 
The initial multiphase model was coded using the input data as described in 
Section 5.2. This was designed to represent the chemistry of an urban environment 
by inputting suitable starting concentrations and including the generic species RH 
and R02 to represent the organics present in the gas phase. Most important, 
however, to the system as a whole were the values given for the emission rates. 
These were adapted to generate a stable radical budget typical of urban conditions. 
The coding concerning the physical characteristics of the heterogeneous phase was 
largely in line with other models available and was consistent with data obtained 
from the GDF field campaign (Section 5.2.9). Once the model had been validated, it 
was then possible to investigate the sensitivity of the model to various parameters. 
By varying different parameters in isolation it is possible to gauge how sensitive the 
overall system is to each parameter. This is particularly useful to asses the 
importance of factors for which there may be a degree of uncertainty, such as the rate 
of liquid phase reactions as well as other factors such as the temperature dependence 
of the system. While it would be possible to generate a model containing any 
number of possible combinations of such parameters, in this results section the model 
output is displayed across a range of Lc values. Although for theoretical studies the 
liquid water volume fraction of a tropospheric cloud is generally taken as 3x10 7, as 
highlighted in the work by Leriche and co-workers (2000) while trying to model a 
real life cloud event (Voisin et al., 2000), this value may change over time. 
5.5.1 Presentation of Results 
In order to understand the subsequent diagrams it is necessary to reintroduce the 
manner in which the aromatic coding was written. By explicitly describing each 
route through which the nitrated products can be formed it is possible to determine 
the importance of each route. The subsequent graphs, that describe the routes 
through which the nitrophenols are formed, are plotted using the same colour scheme 
as in Figure 5.16. 
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Figure 5.16 Schematic highlighting the colour scheme used to describe each 
different reaction path. 
Furthermore, in order to follow the subsequent graphs it is important that the 
different codes used to describe each reaction pathway are reiterated together with 
their associated colour: 
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Table 5.27 Descriptions of the various reaction pathways together with the 
associated colours and coding. 
Description of reaction pathway. Colour code in Model code 
Figure 5.13 for product 
Gas phase nitrophenol produced by gas phase reaction of phenol hatched blue APH 
that was originally emitted into the gas phase. 
Gas phase nitrophenol formed from gas phase phenol that had hatched red AB 
been produced from benzene by gas phase reaction. 
Gas phase nitrophenol derived from gas phase phenol produced orange ABLIQ 
from benzene by liquid phase reaction. 
Liquid phase nitrophenol produced by the liquid phase reaction of green LPH 
phenol that was originally emitted into the gas but then 
partitioned into the liquid phase.  
Liquid phase nitrophenol formed from gas phase phenol produced pink LB 
that was produced from benzene by gas phase reaction. 
Liquid phase nitrophenol converted from liquid phase phenol cyan LBLIQ 
produced from benzene by liquid phase reaction. 
In the extended model the partitioning of the mtrophenols was included and the 
following abbreviations were used to describe the different product species in each 
phase: 
NP2 	2-nitrophenol in the gas phase. 
NP21, 	2-nitrophenol in the liquid phase. 
NP4 	4-mtrophenol in the gas phase. 
NP4L 	4-nitrophenol in the liquid phase. 
One addition to this nomenclature is that liquid phase species such as LPH and NP21, 
describe liquid phase concentrations in moles L'. However, in order to compare 
directly the relative importance of the gas and liquid phases, it is necessary for 
species in both the gas and liquid phases to be expressed using similar units. 
Therefore in the subsequent graphs, species such as LPH are now coded LPHav 
M.A.J.Harrison 	 263 
Chapter 5 	 - 	Modelling Studies 
where the suffix "av" is designed to represent concentrations of the liquid phase 
species in units of molecules cm 3  "averaged" over the whole unit box. This is 
necessary as the units of moles L' refer to the concentration of a species over the 
volume occupied only by the liquid present in the system, as defined by Lc, whereas 
gas phase concentrations that are quoted in molecules cm 3 describe the concentration 
of a species over the whole volume of the box model. 
The creation of batch files in FACSIMILE allows data to be produced automatically 
while varying one parameter. In the results presented here the parameter that was 
varied was Lc which describes the volume liquid water content of the system. This 
was varied between 3x10 9 to 3x1O such that the left hand side of the graphs 
describe a relatively dry scenario with the right hand side representing the wettest 
case. A vertical line has been drawn through all the subsequent graphs at an Lc value 
of 3 xl O thought to represent the typical water content of a tropospheric cloud. 
Liquid phase processes are defined as those in which there has been a contribution 
from the liquid phase in the formation of the nitrophenols. This includes the routes 
LBLIQav, LBav and LPHav in which phenol is nitrated to yield nitrophenol in the 
liquid phase, as well as the route ABLIQ in which phenol is produced by the liquid 
phase reaction of benzene with OH. These four liquid phase routes are represented 
by solid colours; the hatched colours signify the two gas phase routes. 
5.5.2 Results generated at 278 K 
The following plots represent the data acquired from the model run at 278 K over 
48 hours. Figure 5.17 show the relative importance of the different reaction 
pathways whereas Figure 5.18 includes the partitioning of the nitrophenols 
generated during the model run. 
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Figure 5.17 Plot indicating the relative importance of the different nitration 
pathways at 278 K. 
It can be seen from Figure 5.17 that the model appears to be well behaved in that the 
liquid phase, shown by the solid colours, becomes a more important route for the 
production of nitrophenols as the liquid content is increased. For the driest scenario, 
for which the Lc value was set at 3x10 9 , less than 2 % of the nitrophenols are 
generated by liquid phase processes. Under the wettest conditions, for which an Lc 
value of 3x I O was used, liquid phase processes account for over 93 % of the 
nitrophenol produced. At the benchmark Lc value of 3x10 7 , used to describe 
tropospheric cloud conditions, some 58 % of the nitrophenols are produced by liquid 
phase processes with the remaining 42 % due to gas phase production. 
What is immediately noticeable from this graph is that the route by which 
nitrophenols are formed is sensitive to Lc over the range of values shown here. It is 
also apparent that the routes in which benzene is converted to phenol by liquid phase 
reaction, LBLIQav and ABLIQ, do not appear to be significant at any value of Lc. 
This reflects the lack of solubility that benzene exhibits in atmospheric water. 
However, had the liquid phase reaction of benzene with OH been sufficiently fast, it 
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might have been expected that benzene would have been drawn into the liquid phase; 
this situation does not appear to have arisen. 
Figure 5.18 parts (a), (b) and (c) were generated using the extended model in which 
the nitrophenols that are produced over the duration of the model were allowed to 
partition between the gas and the liquid phases. Three scenarios were utilised in 
which the proportions of the nitrophenols produced by liquid phase reaction were 
varied. The first scenario (a) describes the case in which 90 % of the liquid phase 
reactions produce 2-nitrophenol with the remaining 10 % generates 4-nitrophenol. In 
figure (b) 2-nitrophenol and 4-nitrophenol are formed in equal amounts in the liquid 
phase. Finally in figure (c) the product ratio is altered such that 90 % of the liquid 













Figure 5.18 (a) Plot illustrating the nitrophenols produced at 278 K with the 
liquid phase reaction of NO3 with phenol yielding 90 % 2-nitrophenol and only 
10 % 4-nitrophenol. 
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Figure 5.18 (b) Plot illustrating the nitrophenols produced at 278 K with the 
liquid phase reaction of NO3 with phenol yielding equal amounts of 
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Figure 5.18 (c) Plot illustrating the nitrophenols produced at 278 K with the 
liquid phase reaction of NO3 with phenol yielding 90 % 4-nitrophenol and only 
10 % 2-nitrophenol. 
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These three scenarios shown in Figure 5.18 indicate the different amounts of 
nitrophenol isomers produced by altering the product ratio of the liquid phase 
reaction. This is an important parameter to study due to the uncertainty regarding the 
products of the liquid phase nitration of phenol. Furthermore, the Henry's Law 
coefficient which determines the fate of pollutants in the environment is considerably 
different for 2-nitrophenol and 4-nitrophenol. The Henry's Law coefficient for 
2-nitrophenol and 4-nitrophenol at 278 K are 385 M atm' and 4210 M atm' 
respectively. As a result, in addition to determining the relative amount of 
2-nitrophenol and 4-nitrophenol, the product ratio of the liquid phase reaction also 
considerably influences the atmospheric distribution of the products. 
The overall profile of the three graphs shown in Figure 5.18 is the same as the 
profile of Figure 5.17. This is because it is only the way in which the products are 
defmed that has changed and not the chemistry that determines the overall amount of 
mtrophenols produced. In each case, for the driest scenario, the nitration of phenol is 
dominated by gas phase reaction path. The gas phase route only generates 
2-nitrophenol. As 2-nitrophenol exhibits a relatively low Henry's Law coefficient 
(385 M atm 1  at 278 K) it remains almost exclusively in the gas phase. In 
Figure 5.18 (a) even for the wetter scenarios, 2-nitrophenol remains the dominant 
product due to the production of 2-nitrophenol as the major product of the liquid 
phase reactions. However, it is noticeable that in figures (b) and (c) the amount of 
4-mtrophenol produced increases dramatically reflecting the larger proportion of 
liquid phase reactions that generate 4-nitrophenol. At an Lc value of 3x10 7 , 
4-nitrophenol accounts for 29 % and 52 % of the total nitrophenols produced in 
figures (b) and (c) respectively. While the relative amounts ot mtropnenol nave 
changed, the amounts of liquid phase product still remain low with only 0.4 %, 
1.0 % and 1.6 % produced in figures (a), (b) and (c) respectively at an Lc value of 
3l0. 
The plots in Figure 5.18 may also be viewed in conjunction with Figure 5.17. In 
this way it can be seen that the liquid phase production of the nitrophenols 
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(Figure 5.17) accounts for a much larger fraction of the total amount of nitrophenol 
than is finally observed in the liquid phase (Figure 5.18). With an Lc value of 
3x10 7  the liquid phase routes of formation account for 58 % of the total nitrophenols 
produced whereas the highest amount of nitrophenol present in the liquid phase is 
only 1.6 % for scenario (c). This indicates that a large amount of the nitrophenol that 
may be observed in the gas phase is actually produced through liquid phase 
pathways. 
5.5.3 Results generated at 298 K 
While Figure 5.17 and Figure 5.18 display the data generated at 278 K, which is a 
reasonable estimation of temperature in clouds, many laboratory kinetic and 
equilibrium data are acquired only at 298 K. To investigate the effect of temperature 
the model was also run at 288 K and 298 K. Results of the model describing the 
different reaction pathways at 298 K are shown in Figure 5.19. 
1x1O 	 lxlO 	 1x1O 
Lc 
Figure 5.19 Plot indicating the relative importance of the different nitration 
pathways at 298 K. 
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As with Figure 5.17, it can be seen that in Figure 5.19, as expected, the model 
indicates that under dry conditions the degradation of the aromatics introduced into 
the system occurs largely through gas phase processes. At this higher temperature it 
is noticeable that the total amounts of nitrophenols produced over the whole range of 
Lc values is much larger than in Figure 5.17. For example, the total amount of 
mtrophenol produced at 278 K, as shown in Figure 5.17, was 1.15x109, 1.46x109 
and 9.81 xl 8  molecules cm 3, at an Lc value of 3 x 1 0, 3 xl 0 and 3 xl 0 
respectively. At 298 K, as shown in Figure 5.19, the total amount of nitrophenol 
produced over the two day period had increased to 2.59x i0 9, 2.43x109 and 1.28x i09 
molecules cm 3 at an Lc value of 3 xl 0, 3 xl 0 and 3 x 1 0 respectively. This 
reflects the increase in both the gas phase and the liquid phase reaction rates. The 
amount of nitrophenols produced through liquid phase processes at an Lc of 3x 1 0 is 
reduced from 58 % in Figure 5.17 to 26 % in Figure 5.19. This can be attributed to 
the reduction of the solubility of the gas phase species in atmospheric water at this 
increased temperature. While the reduction in solubility appears to be the overriding 
factor in this instance, multiphase chemistry is complex in that there are a number of 
processes that are affected by the increase in temperature. While it is true that the 
increase in temperature will increase the rates of the reactions through which 
nitrophenols are formed, the rates governing the loss processes will also increase 
with temperature. It is because these types of interaction are interlinked that it is 
necessary to perform modelling studies to understand the relative importance of the 
processes that affect the composition of the atmosphere. 
As before, the model was extended such that the mtrophenols are also partitioned 
between the gas and liquid phases. Figure 5.20 parts (a), (b) and (c) were generated 
at 298 K and may be used in conjunction with the data presented in Figure 5.19. 
The first scenario (a) describes the case in which 90 % of the liquid phase reactions 
produce 2-nitrophenol with the remaining 10 % generates 4-nitrophenol. In figure 
(b) 2-nitrophenol and 4-nitrophenol are formed in equal amounts in the liquid phase. 
Finally in figure (c) the product ratio is altered such that 90 % of the liquid phase 
reactions produce 4-mtrophenol with the remaining 10 % generates 2-mtrophenol. 
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Figure 5.20 (a) Plot illustrating the nitrophenols produced at 298 K with the 
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Figure 5.20 (b) Plot illustrating the nitrophenols produced at 298 K with the 
liquid phase reaction of NO3 with phenol yielding equal amounts of 
2-nitrophenol and 4-nitrophenol. 
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Figure 5.20 (c) Plot illustrating the nitrophenols produced at 298 K with the 
liquid phase reaction of NO3 with phenol yielding 90 % 4-nitrophenol and only 
10 % 2-nitrophenol. 
It is evident that in Figure 5.20 parts (a), (b) and (c) the amount of 4-nitrophenol 
formed increases with Lc indicating the increased role of the liquid phase in the 
scenarios in which there is a larger liquid water content. However, at an Lc value of 
3x10 7  the amount of nitrophenol actually ending up in the liquid phase is only 
<0.1 %, 0.1 % and 0.2 % for Figures 5.20 (a). (b) and (c), respectively. These values 
generated at 298 K may be compared with those of 0.4 %, 1.0 % and 1.6 % obtained 
at 278 K (Figure 5.18). This drop in liquid phase production is a consequence of the 
higher temperature resulting in lower solubility of the aromatics in the liquid phase. 
Furthermore, the reduced amounts of nitrophenol formed through liquid phase routes 
also impinges upon the relative amounts of the different isomers as it is only through 
the liquid phase that 4-nitrophenol is produced. At an Lc value of 3x10 7 , 
4-nitrophenol accounts for 6 %, 29 % and 52 % of total nitrophenol produced at 
278 K for scenarios (a), (b) and (c) respectively in Figure 5.18 compared with just 
3 %, 13 % and 24 % at 298 K (Figure 5.20). 
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As with Figures 5.17 and 5.18, it can be seen that the overall profiles of 
Figures 5.19 and 5.20 are all the same. This is because it is only the way in which 
the product species are defined that has changed and not the chemistiy that 
determines the overall amount of nitrophenols produced. Even at this higher 
temperature it is still evident that the liquid phase routes shown in Figure 5.19 
account for a far larger amount of nitrophenol than is evident under any scenario 
described in Figure 5.20. At an Lc value of 3x10 7, the liquid phase processes 
generate 26 % of the total nitrophenol produced whereas only <0.1 %, 0.1 % and 
0.2 % of this remains in the liquid phase under scenarios (a), (b) and (c) respectively. 
Again this indicates that a large amount of the nitrophenol that may be observed in 
the gas phase is actually produced by liquid phase processes. 
5.5.4 Sensitivity towards the liquid phase reaction rate coefficients 
While Figures 5.17 to 5.20 have examined the dependence on temperature over a 
range of liquid content values, it is also important to examine the sensitivity of the 
system to other factors that could possibly vary. One such factor is the liquid phase 
reaction rate coefficient between benzene and OH for which laboratory data remain 
sparse. By altering the value assigned to this parameter it was possible to examine 
how sensitive the system is to this parameter. As with all the subsequent plots of this 
type the base scenario is represented in scenario (b). In this instance the value 
assigned to the liquid phase rate coefficient for the reaction between benzene with 
OH is 1.55x 108  L mol 1 s as suggested by Pan et al. (1993). Figure 5.21 (a), (b) 
and (c) present the data acquired at 298 K for the benzene + OH rate coefficient input 
as 1.55x106 L moF' s', 1.55x 108  L mo! 1 and 1.55x10' ° L moF' s 1 respectively. 
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Figure 5.21 (a) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the benzene + OH liquid phase reaction rate coefficient 
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Figure 5.21 (b) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the benzene + OH liquid phase reaction rate coefficient 
set at 1.55x 108  L moE' s. 
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Figure 5.21 (c) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the benzene + OH liquid phase reaction rate coefficient 
set at 1.55x 1010  L moE 1 s 1 . 
The coding in the models used to produce the output in Figures 5.17 and 5.18 or 
Figures 5.19 and 5.20 remained exactly the same, except for the manner in which the 
products were defined. As a result, the profiles of each of the graphs remained the 
same. However, unlike these previous graphs, the chemistry coded into the model 
used to generate the data shown in Figure 5.21 is now actually altered for each of the 
different scenarios (a). (b) and (c). As different rate coefficients have been used to 
describe the liquid phase reactions for each scenario, the profiles of the graphs in 
Figure 5.21 are not necessarily expected to be similar. Evidence from Figures 5.17 
and 5.19 suggests that the liquid phase reaction of benzene with OH is only a minor 
route in the production of nitrophenols. Nevertheless, it is important that the 
sensitivity of the system to this liquid phase rate coefficient is investigated as it 
might have been found that only a small variation in this rate coefficient caused a 
large effect upon the system as a whole. This does not appear to be the case, 
however, as the graphs shown in Figures 5.21 (a), (b) and (c) all appear to be very 
similar. Indeed with an Lc value of 3x10 7 the amount of mtrophenol produced 
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through each route remains exactly the same in each scenario. Only under the 
wettest conditions shown in plot (c) is there any nitrophenol formed through the 
liquid phase reaction of benzene + OH (represented by the coding ABLIQ). Even in 
this scenario the amount of nitrophenol formed by this route accounts for only 2.4 % 
of the total amount of nitrophenols formed. 
In the same way by altering the rate coefficient of the liquid phase reaction between 
phenol and NO3 it was possible to examine how sensitive the system is to the rate 
coefficient of this reaction. While the rate coefficient of the reaction of benzene with 
OH was altered by four orders of magnitude, the system was expected to be more 
sensitive to the liquid phase reaction of phenol with NO3. Figure 5.22 (a), (b) and 
(c) present the data acquired at 298 K for the phenol + NO3 rate coefficients input as 
I.8x 108  L mol' s. 1.8x109 L moF' s 1 and 1.8x10 10 L mol' s 1 respectively. As 
before scenario (b) represents the base scenario with the phenol + N01 rate 
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Figure 5.22 (a) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + NO3 liquid phase reaction rate coefficient 
set at I.8x 108  L moE' s t . 
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Figure 5.22 (b) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + NO3  liquid phase reaction rate coefficient 
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Lc 
Figure 5.22 (c) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + NO3 liquid phase reaction rate coefficient 
set at 1.8x10' ° L mol' s 1 . 
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Under the driest conditions the absolute amount of nitrophenol remains constant in 
all three graphs. This is due to the fact that the liquid phase does not play a large role 
when the Lc value is small. As more water is introduced into the system the profile 
of the gas phase routes remains largely similar throughout Figure 5.22 graphs (a), (b) 
and (c). However, by changing the rate of the liquid phase reaction, the amount of 
mtrophenol produced by liquid phase routes is altered dramatically. The reduced rate 
coefficient applicable to graph (a) causes the total amount of nitrophenol produced to 
drop off as the liquid water content is increased, whereas in graph (c) the total 
amount of mtrophenol is greatly enhanced under wetter scenarios. Note that the 
scale in graph (c) has been altered in order to include the increase in nitrophenol 
produced by the liquid phase processing. The change in the liquid phase rate of 
reaction is also reflected in the relative amounts of nitrophenol formed through the 
liquid phase at an Lc value of 3x10 7. The proportion of nitrophenol produced by the 
liquid phase increases from 4 % in graph (a) to 26 % and 67 % in graphs (b) and (c) 
respectively. 
Furthermore, the increase of the liquid phase reaction between phenol and NO3 also 
impinges upon the amount of nitrophenol produced by the gas phase. This is because 
the liquid phase reaction between phenol and NO3 also acts as an effective loss route 
for the nitrate radical. By increasing the rate at which NO3 is lost from the liquid 
through reaction with phenol, more NO3 is drawn into the liquid phase from the gas. 
This in turn reduces the amount of nitrophenol produced by gas phase processes in 
absolute terms from 1.9x109 molecules cm 3 to 1.8x10 9 molecules cm 3 and 
1 .4x 1 9  molecules cm 3  in Figure 5.22, scenarios (a), (b) and (c) respectively at an 
Lc value of3x10 7 . 
It is important to note that all these sensitivity studies were conducted at 298 K. 
When there are many parameters to be studied, it is essential that they all remain 
constant with the exception of the one that is being investigated. A temperature of 
298 K was implemented in these studies as many of the input data were acquired at 
this temperature. Therefore it was thought it was at this temperature that the most 
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confidence could be placed upon the data. However, it might also be thought that the 
studies should have been carried out at the lower temperature as this is more 
consistent with atmospheric conditions. Indeed it has been shown that at the lower 
temperatures more gas phase species are transferred into the liquid phase. This 
would have the effect of enhance yet further the amount of nitrophenol produced by 
liquid phase routes shown in Figure 5.22 scenario (c). 
Equally important as the liquid phase routes of production of nitrophenol is the 
process through which phenol is lost from the system. In the model this occurs 
through the reaction between phenol and OR Figure 5.23 (a), (b) and (c) present 
the data acquired at 298 K for the phenol + OH rate coefficients input as 
6.6x108 L mor' s 1 , 6.6x109 L mol' s and 6.6x10 10 L mor' s' respectively. The 
base scenario described in plot (b) uses a value of 6.6x iø L mor' s ' as 
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Figure 5.23 (a) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + OH liquid phase reaction rate coefficient 
set at 6.6x 108  L moE' s. 
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Figure 5.23 (b) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + OH liquid phase reaction rate coefficient 
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Figure 5.23 (c) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the phenol + OH liquid phase reaction rate coefficient 
set at 6.6x10 10 L moE' s 1 . 
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As before, under relatively dry conditions, the liquid phase reaction rate has little 
effect upon the amount of nitrophenol produced. However, under wetter conditions 
it can be seen that as the rate of the liquid phase reaction between phenol and OH is 
increased, less nitrophenols are produced. This is as expected as this reaction acts as 
a loss route from the system. However, as well as the liquid phase routes becoming 
less productive while increasing this rate, it is also noticeable that the gas phase 
routes are also affected. The total amount of nitrophenol produced in the gas phase 
at an Lc value of 3 xl O is reduced from 1 .9x 109  molecules cm 3 to 
1 .8x 1 0 molecules cm 3 and 1.1 xl 
9  molecules cm 3 in Figure 5.23 scenarios (a), (b) 
and (c) respectively. This is due to the fact that the liquid phase reaction between 
phenol and OH also acts as a loss route for the OF! radical. At the faster rate more 
OH is drawn from the gas phase into the liquid thereby reducing the amount of OH 
present in the atmosphere. As the gas phase nitration of phenol depends upon the 
reaction of phenol with the OH radical, reduced concentrations of OH will impact 
upon the amount of nitrophenol produced by gas phase processing. 
5.5.5 Sensitivity towards the droplet diameter 
While Figures 5.21 to 5.23 focused on the sensitivity of the system towards the 
liquid phase rates, Figure 5.24 investigates the effect that the assumed size of liquid 
droplet has upon the nitration pathways. A droplet diameter of 1x10 3 cm was taken 
as the base scenario (b) as it was found to be used in several other multiphase models 
(Herrmann et al., 2000; Lelieveld and Crutzen, 1991; Molina et al., 1996; Poppe et 
al., 2001) and was also shown to be in agreement with the data acquired from 
observations made at Great Dunn Fell. The other scenarios (a) and (c) were acquired 
with droplet diameters one order of magnitude larger and one order of magnitude 
smaller than this standard value. A droplet diameter of lxi 012  cm is representative of 
a cloud that is starting to precipitate, whereas a cloud with a droplet diameter of just 
lxi 4  will have a fairly long atmospheric lifetime. 
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Figure 5.24 (a) Plot indicating the relative importance of the different nitration 
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Figure 5.24 (b) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the liquid droplet diameter set at lx iø cm. 
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Figure 5.24 (c) Plot indicating the relative importance of the different nitration 
pathways at 298 K with the liquid droplet diameter set at 1x10 4 cm. 
For a given Lc value, there will be a greater number of droplets per unit volume (and 
thus greater specific surface area) for droplets of smaller diameter, and vice versa. 
By altering the droplet size the partitioning of the different species between the gas 
and liquid phases is affected. At a liquid droplet diameter of 1 x I 
2  cm, less than 
5 % of the nitrophenol produced is formed by liquid phase processes. This figure 
rises to 26% and 37% at a diameter of 1x10 3 cm and lx iø cm respectively. 
In order to explain the reason why the droplet diameter has such an effect on the 
model output, it is necessary to examine the coding with which it is involved. As 
highlighted in Section 5.2.9, the transfer of molecules from the gas phase to the 
aqueous phase and vice versa was treated using the approach developed by Schwartz 
(1986) where: 
Transfer rate from the gas to the liquid = cAF0 	 (5.16) 
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- 	 CA C EOV 
Transfer rate from the liquid to the gas 	 (5.17) 
4L C HRT 
Although the droplet diameter, d, is not explicitly included in the Equations 5.16 
and 5.17, it is used in the calculation of the specific surface area, A, and the overall 
uptake coefficient, rovei. 
A, the specific surface area is given by: 
A = 6Lc (5.18) 
C d 
and, j'overajl, the overall uptake coefficient is calculated by: 
1 
Foyer011 = cd 	1 1 	
(5.19) 
8Dg 2 a 
in which d is the droplet diameter. 
It is apparent from Equations 5.18 and 5.19 that both A c and FoveiiI are inversely 
proportional to the droplet diameter, i.e. as the liquid droplet becomes smaller, both 
A c and F0 1 increase in value. As a result, this impacts upon the transfer rate 
between the gas and the liquid phases as described by Equations 5.16 and 5.17. 
Therefore, reducing the droplet diameter has the effect of increasing the transfer of 
species to and from the liquid phase. Since the rate of phase transfer is increased it 
allows a greater role to be played by the chemistry of the liquid phase. Although not 
included in this version of the model, increasing the phase transfer away from the 
liquid phase would also have the affect of removing the products from solution 
allowing them to partition back into the gas phase where appropriate. 
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In addition to affecting the chemistry of the aromatic compounds, altering the droplet 
diameter, also affects the other species included in the model. While the species that 
partition between the gas and the liquid are directly affected, these changes will also 
impact upon the other species, in both the gas and liquid, for which phase transfer is 
not included. The overall generation of the nitrophenol products in this model is 
therefore dependent upon the behaviour of OH and NO3 in both the gas and liquid 
phases, as well as NO2 in the case of gas phase nitration. As a result of reducing the 
droplet diameter, the gas phase concentrations of OH and NO3 have both been 
reduced. While OH and NO3 in the gas phase affect both production and loss routes, 
in the liquid phase their roles are very different. By reducing the droplet diameter 
from lxi -2  cm to lxi O cm, the liquid phase concentration of the NO3 radical is 
reduced whereas the concentration of OH has been increased by more than two 
orders of magnitude. Consequently, at smaller droplet sizes the loss process, 
controlled by the OH radical, will dominate over the production routes. As the effect 
of the liquid phase is enhanced at the smaller droplet size, this has the overall effect 
of reducing the total amount of nitrophenol produced. 
5.5.6 Comparison of Results with Field Observations 
The comparison of computer models with direct observations made in the field is an 
essential part of modelling studies. Clearly, computer models have to be an accurate 
reflection of the system that they are designed to represent. In this study the 
comparison with other models and with field measurements was an integral part of 
the development and validation of the initial multiphase model. Once satisfied that 
the multiphase model was an adequate description of a polluted environment, it was 
then adapted specifically to investigate the effect of the liquid phase on the nitration 
of phenol. The aromatic chemistry was included with the aim of studying the 
different routes through which nitrophenol could be produced and to determine the 
sensitivity of the system with respect to parameters for which an element of 
uncertainty exists. The aim of the model was not, however, intended to accurately 
describe the final distribution of nitrophenol in the environment with regards to a 
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particular atmospheric event or field campaign. This would have required 
knowledge of the reactions affecting both gas and liquid phase nitrophenols such as 
loss routes and their conversion to other species such as 2,4-dinitrophenol. 
Furthermore, more accurate data specific to the particular event would have to be 
known more accurately. This would be with regards to parameters such as the 
emission and deposition rates together with physical parameters such as Lc and 
droplet diameter. Nevertheless, in order to make sure that the concentrations of 
nitrophenols generated by the model are a reasonable approximation, Table 5.28 lists 
the concentrations of nitrophenols obtained from various field studies. 
Table 5.28 Measurements of nitrophenols in clouds and the gas phase obtained 
during field campaigns. 
Gas phase / ng m 3 Cloud I jig U' 









a 0.4-1.8 a 
5 •4C 
a 	Great Dun Fell, England (LUttke et al., 1997) 
b 	Portland, Oregon (Leuenberger etal., 1985) 
Mount Brocken, Germany (Luttke et al., 1999) 
d 
	
	urban site, Switzerland (Leuenberger et al., 1988) 
Vosges mountains, France (Levsen et al., 1993) 
Figures 5.17 to 5.24 were produced by taking the amount of mtrophenol produced 
after a period of two days. Although the production of nitrophenol in the model was 
linear with time, a period of two days was chosen as it was considered as a 
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reasonable length of time for a cloud to be present in the atmosphere. While the gas 
phase nitration of phenol is thought to yield mainly 2-nitrophenol, liquid phase 
reactions are thought to generate 4-nitrophenol. Therefore data from Figure 5.18 (a) 
were taken and compared with the literature values. Table 5.29 lists the amount of 
mtrophenol produced in two days with units of both molecules cm 3 as used in 
Figures 5.17 to 5.24, and in units of ng m 3 and tg L' as in Table 5.28. 
Table 5.29 Concentrations of nitrophenols in the gas and liquid phase formed 
over two days at 278 K and with a volume fraction liquid water content of 
3x10 7. 
Gas phase / ng m 3 (molecules cm) Cloud I p.tg U' (molecules cm 3) 
2-nitrophenol 159 (6.9x10 8) 1.4 (1.8x10 6) 
4-nitrophenol 170 (7.4x10 8) 16 (2.1x10) 
While these numbers do not by any means accurately match those from the literature 
reports, it is worth reiterating that it was not the purpose of this model that they 
should. What is important though is that the numbers are indeed of the same order of 
magnitude. In addition to the atmospheric formation of nitrophenols by the routes 
indicated here, the observed data shown in Table 5.28 include nitrophenol emitted 
from primary sources such as car exhaust. This additional source of nitrophenols is 
not considered in the model and would have the effect of increasing the amount of 
nitrophenol recorded in the observational data. However, the results presented in 
Table 5.29 consider the formation of nitrophenols by secondary processing over a 
two day period. It is possible that this time period is an overestimation of the length 
of time that a cloud remains in an urban location. 
Furthermore, in order to estimate the amount of nitrophenol present in the 
atmosphere it is necessary to consider the loss of nitrophenol as well as its 
production. At present this is not included in the model and therefore the model is 
likely to overestimate the nitrophenol in the atmosphere. 
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The value of 159 ng m 3  generated by the model for 2-nitrophenol in the gas phase is 
less than the value of 350 ng m 3 measured by .Leuenberger et al. (1988) at an urban 
site in Switzerland. The value of 24 ng m 3  was measured at another urban site, this 
time in Oregon, while the lower values of 0.8 - 6.4 ng m 3 were obtained at a more 
remote site at Great Dun Fell (GDF). It was thought that cases such as at GDF in 
which the polluted air masses are more aged, 2-nitrophenol is observed in smaller 
amounts than in urban scenarios due to the photochemical degradation of 
2-mtrophenol. As highlighted earlier, the degradation of the nitrophenols is not 
included in the model so the fact that the model generates a value higher than that 
observed at GDF is consistent with this simplification. 
Unfortunately, field measurements for 4-nitrophenol in the gas phase were only 
available at GDF. The values observed at GDF for 4-nitrophenol were somewhat 
higher than those obtained for 2-nitrophenol. This was thought to be due to the 
slower degradation of 4-nitrophenol in the atmosphere. However, it was still 
expected that at a more urban environment such as described in the model, the values 
would be considerably higher. As with 2-nitrophenol it appears as if the value 
generated by the model for 4-nitrophenol (170 ng m 3) was reasonably consistent 
with the data available from field studies (1.2 - 35 ng m 3). 
Liquid phase data were only available for less polluted environments. Again the 
effect of the age of the air mass can be seen with the values at Mount Broken (Lüttke 
et al., 1999) and the Vosges Mountains (Levsen et al., 1993) generally higher than 
those observed at the more remote site at GDF (Lüttke etal., 1997). Bearing in mind 
the lack of observational data at an urban site, the concentrations obtained by the 
model agree favourably with those values obtained by field work studies. 
5.6 Summary 
In this work a computer model was constructed to understand more fully the impact 
of the aqueous phase upon the tropospheric processing of aromatic compounds. The 
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gas phase chemistry included 71 gas phase reactions and 12 photolytic reactions. In 
total, 21 species partitioned between the gas and aqueous phases. The liquid phase 
chemistry included 64 reactions, 16 equilibria and 3 photolytic reactions. Following 
rigorous testing, the model was then modified to investigate the sensitivities of the 
system towards parameters such as the assumed volume liquid water content, 
temperature, liquid rate coefficients and droplet diameter. The model was also 
extended to consider the partitioning of the nitrophenol products between the gas and 
liquid phases. 
The results clearly indicate that the liquid phase contributes significantly to the 
generation of nitrophenols in the troposphere. The routes by which nitrophenols are 
formed are sensitive to both the liquid water content over the range 3 xl O to 3 xl 0 
and the temperature between 278 K and 298 K. For the driest scenario the amount of 
nitrophenol produced through the liquid phase is negligible. However, as more 
liquid is introduced into the system, the liquid phase processes becomes a more 
important route, accounting for some 93 % of the total nitrophenol production under 
the wettest conditions at 278 K. At 298 K the total amount of nitrophenol products 
formed is greater than at 278 K, and at the lower temperature the liquid phase is more 
influential. At lower temperatures the solubility of species in the liquid phase is 
enhanced which results in the increase in liquid phase processing. However, in 
addition, altering the temperature has the effect of changing both the rate coefficients 
of both production and loss routes. It is because of these types of competing 
processes that modelling studies are necessary to understand the complex 
interactions that occur in the atmosphere. 
Extending the model to include the partitioning of the nitrophenol products allowed 
an estimation to be made regarding the fate of the product species. At the benchmark 
Lc value of 3 xl 0, used to describe tropospheric cloud conditions, some 58 % of the 
nitrophenols were produced by liquid phase processes. However, using the extended 
model it was found that, depending on the product ratio of the liquid phase reaction, 
only 0.4 %, 1.0 % and 1.6 % of the nitrophenols remained in the liquid. This clearly 
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suggests that a great deal of the mtrophenol that may be observed in the gas phase is 
actually produced through liquid phase pathways. 
The model was also used to study the sensitivity of the system towards the liquid 
phase rate coefficients. While altering the rate coefficient for the reaction between 
benzene and OH had little impact, due to the lack of solubility of benzene, the system 
was found to be particularly sensitive towards the liquid phase rate coefficients 
assigned to phenol. By performing sensitivity studies such as these it is possible to 
determine the key aspects that affect the system and highlight areas for further 
research. 
Finally the affect of droplet diameter was studied. As the droplet is reduced in size, 
the rate of gas / liquid exchange is increased. This in turn increases the influence of 
the liquid phase and has a large effect upon the overall amount of product formed by 
the system. 
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Chapter 6 
Conclusions and Suggestions for Further Work 
6.1 Introduction 
Despite the relatively sparse amounts of condensed phase material in the atmosphere, 
it is recognised that gas-surface and condensed-phase processes play an important 
role in atmospheric chemistry (Molina et al., 1996; Ravishankara, 1997). As 
highlighted in Section 1.6, clouds may alter the composition of the troposphere 
through many different processes. As a result of the complex nature of these 
interactions between trace gases and the condensed phase, tropospheric multiphase 
chemistry remains relatively poorly understood compared with photochemical and 
gas phase processes. 
Aromatic hydrocarbons constitute a significant portion of the reactive organics 
emitted into polluted urban atmospheres and substituted phenols are among the 
products of their NO - air photooxidation. However, the subsequent fates of these 
products in atmospheric systems are not well understood. The overall aim of this 
work was to study the tropospheric multiphase formation and the fate of nitrophenols 
in the troposphere. These have been observed in the ambient atmosphere in the gas 
and particle phases, as well as in fog water, rain water and snow and have been 
suggested as possible contributors to forest decline (Rippen etal., 1987). 
In this work three different approaches have been taken with the overall aim of 
investigating the impact of the aqueous phase with respect to the formation and 
distribution of nitrophenols: 
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. 	Measurement of parameters such as Henry's Law coefficient, H, for 
phenols and nitrophenols over a temperature range relevant to 
atmospheric processes. 
. 	Determination of the kinetics and selectivity of the aqueous phase 
reaction of phenol with mtronium ions. 
Incorporation of measured parameters and other data into a chemical 
kinetic model to quantift the relative importance of the different 
nitration pathways of aromatics in the troposphere. 
6.2 Key Points 
As indicated in Section 6.1, the overall aim of this work was to improve the 
understanding of the formation and fate of nitrophenols in the environment. While 
this task ultimately requires the use of computer modelling studies, such as those 
described in Chapter 5, information regarding the phase transfer from gas to liquid 
as well as the subsequent reactions in the liquid phase are also needed to elucidate 
the role of heterogeneous chemistry in the atmosphere. 
The work described in Chapter 3 describes the measurement of Henry's Law 
coefficient for phenol, o-cresol and 2-mtrophenol over a temperature range relevant 
to tropospheric processes. As highlighted in Section 2.3.1, Henry's Law coefficient 
is a strong function of temperature. While an increase in Henry's Law coefficient is 
considered to be typically of the order of a factor of two for a 10 K decrease in 
temperature, studies by Staudinger and Roberts (2001) indicate that this is 
approximation is rarely accurate. By deriving actual Henry's Law coefficient over a 
temperature range relevant to tropospheric processes, such crude estimates regarding 
temperature dependence do not have to be made. The results obtained in this work 
provide a data set over the temperature range 281 - 302 K that may be implemented 
directly into multiphase models. 
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As kinetic limitations often prevent the establishment of equilibrium, it is necessary 
to model the reactions that occur in both the gas and liquid phases as well as the 
uptake process itself. In this work a multiphase model was constructed to understand 
more fully the impact of the aqueous phase upon the tropospheric processing of 
aromatic compounds. The results obtained from the model clearly indicate that the 
liquid phase contributes significantly to the generation of nitrophenols in the 
troposphere. This in agreement with the field campaign at Great Dun Fell (LUttke 
et al., 1997) in which the authors concluded that the nitration of phenol occurred in 
cloud droplets. 
The effect that H has upon the fate of a compound in the atmosphere was also 
evident from this modelling work. The Henry's Law coefficient for 2-nitrophenol 
and 4-nitrophenol at 278 K are 385 M atm 1 and 4210 M atm 1 respectively. As a 
result, 2-nitrophenol remains almost exclusively in the gas phase whereas a far larger 
proportion of the 4-nitrophenol partitions into the liquid phase. 
While the results generated by the model highlighted the importance of factors such 
as temperature, droplet diameter and volume liquid water content, Lc, these are all 
physical parameters used to describe the specific atmospheric conditions. This 
indicates that in order to model specific cloud events, physical parameters such as 
these must be accurately measured for that specific period of time. Furthermore, this 
also highlights the importance of ensuring that similar input data have been 
implemented prior to comparing the results from different computer models. 
The model was also used to investigate the sensitivities of the system towards the 
chemistry included in the coding. In particular the liquid phase reactions were 
shown to be especially sensitive, both in terms of the product ratios and the accuracy 
of the rate coefficients themselves. In this respect the model was also useful in 
determining the direction for future research. Altering the rate coefficient for the 
aqueous phase reaction between benzene and OH had little impact, largely due to the 
lack of solubility of benzene in atmospheric waters. However, the system was found 
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to be particularly sensitive towards the liquid phase rate coefficients and the product 
ratio assigned to the reactions involving phenol. 
The model was also extended to include the partitioning of the mtrophenol products. 
Results from this work clearly suggest that a great deal of the nitrophenol that may 
be observed in the gas phase is actually produced through liquid phase pathways. 
While data from field work studies can provide information regarding the 
concentrations of different pollutants in the atmosphere, modelling studies, such as 
the one presented here, can provide an insight into the route through which these 
species were formed. 
One of the parameters that the modelling study highlighted was the importance of the 
liquid phase rate coefficients for the nitration of phenol together with the product 
ratio. To address this problem, work was undertaken to study the reaction between 
the nitrating gases N205 and C1NO2 and aqueous phenol solutions. Experiments 
carried out at different pH and at different temperatures consistently indicated the 
production of 4-nitrophenol as well as 2-nitrophenol. This fmding is in contrast to 
the gas phase nitration of phenol for which 2-nitrophenol is recognised as the sole 
product (Bolzacchini et al., 2001) and suggests that the 4-nitrophenol present in the 
gas is most likely a result of liquid phase processing. 
With both N205 and CINO2, the nitrating agent is thought to be the NO2 cation 
which is generated by the phase transfer and the subsequent dissociation of N205. 
The NO2 may then react with either the phenol present in solution, or with water 
itself. As the concentration of water (55 mol L') is much greater than the 
concentration of the aromatic, NO2 needs to react orders of magnitude times faster 
with the aromatic (k2) than with water (k). This appears to be the case. Values for 
k 	 + _L, the ratio of the rate coefficient for the NO2 + phenol reaction relative to the rate 
w 
coefficient for the NO2 + water reaction, range from 300 to 1800 L mol'. 
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6.3 Further Work 
The continuation of the work presented in this thesis could take many different 
forms. However, each aspect of the work described hitherto has the potential for 
further study. 
6.3.1 Determination of Henry's Law Coefficients 
As highlighted in Chapter 3, calculations of environmental fate in general, and 
atmospheric modelling in particular, rely heavily on the availability of 
thermodynamic and kinetic data. A need has been recognised for the production of a 
database in which reliable values for Henry's Law coefficient are presented. While 
this issue has largely been addressed by the online database compiled by Sander 
(1999), many gaps and ambiguities remain within the dataset. Values reported for H 
frequently vary by several orders of magnitude and are often based on estimates from 
vapour pressure and solubility data. Furthermore, Henry's Law coefficients are often 
only quoted at one temperature, or with no indication of the temperature. Since 
effective modelling must take into account the effects of temperature variations, the 
variation with temperature of input parameters such as Henry's Law coefficients 
needs to be quantified. 
The bubble column technique used in this work is well suited to determining the 
Henry's Law coefficient for species that have H values of less than a few thousand 
M atm. The present system could easily be used to determine the Henry's Law 
coefficient for compounds for which there exists an element of uncertainty. 
However, difficulties arise with the technique when determining Henry's Law 
coefficient for species, such as 4-nitrophenol, for which H is considerably larger. 
During this study a number of modifications were made to the bubble column 
technique in order to address this issue, but as yet a reliable method has not been 
established. Clearly species that exhibit a large Henry's Law coefficient are of great 
atmospheric importance as a result of their superior ability to partition into 
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atmospheric water. It is important therefore to establish a reliable technique by 
which H may be determined for these species. 
6.3.2 Aqueous Phase Nitration Reactions 
Data analysis indicated that in order to obtain good estimates for the rate of reaction 
between NO2 and phenol, considerably more experimental data are required as a 
function of time. While experimental data acquired after 1 minute, 5 minutes and 
10 minutes were sufficient to generate estimates for -L,  many more data points 
would be required to derive k2 explicitly. Another issue raised by the analysis of the 
results was the accuracy of the values obtained for the concentration of 
4-nitrosophenol in the sample mixture. The difficulty in measuring this species was 
thought to be due to the insolubility of 4-mtrosophenol in aqueous solutions leading 
to an overestimation of the concentration of the samples. Comparison studies using 
an alternative technique such as HPLC may improve the accuracy of the analysis by 
allowing direct injection of the samples rather than requiring the use of an extraction 
process. 
The technique described in Chapter 4 could also be used to study the reactions 
between the mtronium ion and other aromatic compounds, such as cresols. 
Furthermore, as it was not detected in this work, it might be interesting to investigate 
the conditions under which 2,4-dinitrophenol is produced. 
The present system could also be used to determine the products of the reactions 
between the nitronium ion and nitrophenols. However, this would require the use of 
a different detection system or even a different technique in order to analyse the 
products of the reaction. The ECD used in this work offered good detection of the 
nitrated products generated over the course of the reaction, without detecting the 
phenol itself. Nitration reactions using nitrophenol as the reactant would result in 
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product mixtures contain large amounts of the starting material that would saturate 
the ECD. 
6.3.3 Modelling Studies 
As mentioned in Section 6.3.1, modelling studies require accurate and reliable 
thermodynamic and kinetic data. When new information becomes available, it is 
important that the advances in understanding are included in the model coding. This 
is of particular importance with respect to the reactions of the aromatic compounds, 
for which there remains an element of ambiguity, both in the gas and the liquid 
phase. 
More general additions to the model presented in Chapter 5 might also be 
considered. These might include the consideration of factors such as the daily 
fluctuation in temperature as well as the diurnal variation in the height assigned to 
the boundary layer. However, it is important to remember that the original aim of the 
model was to adequately describe a polluted environment. Further additions to the 
coding must only be included if they result in an improvement the model description 
as over-elaboration of the coding risks masking the chemistry of interest. 
6.4 Concluding Remarks 
The tropospheric formation of nitrophenol is a good example of the need to consider 
sequential multiphase processes. These processes involve not only gas phase 
reactions, but also phase transfer and solution phase chemistry as well. 
The work presented in this thesis provides valuable data to further the understanding 
of these multiphase processes, and also illustrates the effect that the heterogeneous 
phase can have on the fate of aromatic compounds in the troposphere. 
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The three different approaches undertaken in this work demonstrate the requirement 
of collaboration between different approaches to the field of multiphase chemistry. 
Laboratory studies, field measurements and modelling efforts are all required to 
enhance the understanding of the role of the heterogeneous phase in the atmosphere. 
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FACSIMILE provides a powerful means of solving the differential equations that are 
encountered in science and engineering problems. However, without previous 
experience of computer programming, the FACSIMILE language can appear 
confusing. Therefore, the purpose of this section is to provide an insight into the way 
in which the FACSIMILE models used in Chapters 4 and 5 were coded. 
Section A.2 contains a general guide to the workings of the FACSIMILE language 
with particular reference to the model developed in Chapter 5. Information 
regarding the additional coding required for parameter fitting is included in 
Section A.3, together with examples of the actual coding used in Chapter 4. An 
example of the coding used to generate the results presented in Chapter 5 is 
included in Section A.4. 
A.2 Guide to FACSIMILE coding 
A program coded in the FACSIMILE language consists of a series of statements, 
each starting on a new line and concluded by a semi-colon. Statements may take 
many different forms, such as declarations, in which variables or parameters are 
defmed, or instructions which are organised into specific blocks or routines. 
Comments may be included at any point to help explain various sections of the 
coding. These are preceded by an asterisk and have no effect on the running of the 
WUUM 
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At the start of the FACSIMILE coding it is necessary to declare all the variables and 
parameters that are to be included in the model. FACSIMILE recognises a variable 
as something controlled by a differential equation which defmes its rate of change 
with respect to time. A parameter, however, is not controlled by a differential 
equation, but may be constant through time of integration, or may be calculated as a 
function of time, variables or other parameters. In the coding included in 
Section A.4.1, it can be seen that the variables that have been declared mainly 
represent the different chemical species present in the atmosphere. While parameters 
have also been declared to describe chemical species, they are also used to assign 
values to factors such as the longitude and declination required to calculate 
photolysis parameters. 
Once the parameters and variables have been declared, it is then necessary to assign 
values to each of them. This is either performed in the COMPILE INSTANT or the 
COMPILE INITIAL routine. The COMPILE iNSTANT routine assigns values to 
parameters that remain constant for the duration of the model run. Examples include 
the concentration of methane present in the gas phase, the emission rates and the 
parameters, such as the gas diffusion coefficient, required to describe the partitioning 
of species between the gas and liquid. In contrast, the COMPILE INITIAL routine 
assigns start values for both parameters and variables that may vary over the duration 
of the model run. In the model included in Section A.4.1, this section is largely 
concerned with assigning values to the different species present in both the gas and 
liquid phases. An additional feature of the COMPILE INITIAL routine is the 
inclusion of the coding that governs the generation of the batch process. In the 
coding shown here it can be seen that there have been 28 consecutive runs in which 
the liquid water content (coded LC) is altered between 3x10 9 to 3x1O. This section 
of coding also contains information regarding the file path to which the data were 
written. 
The COMPILE GENERAL routine is run at the start of the integration process but 
may also be called upon when FACSIMILE has given variables new values. As a 
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result, all the rate coefficients are calculated at this stage, as well as other 
calculations such as those governing the gas / liquid partitioning of species. In 
addition, those parameters that vary throughout the day are calculated in this routine. 
This includes parameters such as the photolysis rate coefficients and deposition rates 
that-are dependent upon the amount of incoming solar radiation. 
The COMPILE EQUATIONS routine is the section in which the rate coefficients 
that have been calculated in the COMPILE GENERAL are called upon to describe 
the rates of specific chemical reactions. As well as those coefficients that have been 
calculated previously in the COMPILE GENERAL routine, it is also possible to 
enter values to describe the reaction rate coefficients directly in this routine. In the 
coding included in Section A.4.1, it can be seen that the COMPILE EQUATIONS 
routine includes gas and liquid phase reactions as well as coding to describe the 
gas / liquid partitioning and the emissions and depositions. 
The fmal part of the model is concerned with the way in which the output data are 
presented. Although a variable or parameter may have been declared and used 
throughout the model, unless it is explicitly defined in a print table it will not be 
displayed in the output file. As a result, all the chemical species included in the 
model are listed in the print table, as well as some other parameters that have been 
calculated during the course of the model run. The parameters that have been added 
to the output include "BAL" which represents the ion balance of the liquid phase and 
"ACIDITY" corresponds to the pH of the liquid phase. As highlighted in 
Section 5.4.1, it is important that these methods of checking the validity of the model 
are performed within the FACSIMILE program to avoid the generation of rounding 
errors. It is also necessary in this part of the coding to specify the frequency at which 
the data are presented in the print tables. While this factor does not have any bearing 
upon the length of time it takes for the program to compile, it does impact directly 
upon the size of the output file. In this model it can be seen that the data are added to 
the output file on a daily basis. 
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A.3 Parameter Fitting 
Parameter fitting may be performed in instances in which exact values for some of 
the parameters in the differential equations are not known, but where the solution to 
the equations are known from experimental results. This requires the inclusion of 
additional coding to specify the parameters which are to be varied, together with the 
experimental results to which the parameters are to be fitted. Given initial estimates 
for the unknown parameters, FACSIMILE is able to vary these values until a 
solution is obtained which generates results sufficiently close to the experimental 
data. 
Before adding the coding to describe the parameter fitting, it is first necessary to 
input the coding that describes the system that is to be modelled. This is achieved by 
declaring variables and parameters and including reactions to describe the processes 
to be included in the model, as described in Section A.2. Following the COMPILE 
EQUATIONS routine the experimental results are coded using the DATA command. 
This routine is immediately followed by the SETVARY command which lists the 
parameters to be varied in order to fit a solution to the experimental results. 
The coding included in Section A.3.1, corresponds to the analysis developed in 
Section 4.13.2 in which k2 and F were determined using the total concentration of 
the nitrated products. The model shown here generates values for k2 and F based on 
results from nitration experiments performed at both 5 °C and 20 °C, in base, using 
N205. This method of data analysis was then extended as described in Section 
4.13.3 to consider the nature of the product species. The way in which this model 
was coded is presented in Section A.3.2. The model shown here attempts to fit k2, 
k3, k4, k5, k6 and F to experimental data obtained at both 5 °C and 20 °C, using N205 . 




A.3.1 FACSIMILE Coding (version I) 
* METHOD 1 .FAC; 
* DECLARATION OF PARAMETERS AND VARIABLES; 
PARAMETER EMISSF 3.25E-6 K2 8E12 KW 4.9E9; 
VARIABLE 
NO2PI NO2P2 N021`3 N021`4 
PHi 	PH2 	PH3 	P114 
NPI NP2 NP3 NP4; 
COMPiLE INSTANT; 
*OPEN FILE FOR pstream OUTPUT; 
OPEN 3 "TABLE1.OUT" NEW; 
* Assign concentrations for phenol here; 
COMPILE INITIAL; 
PHi =0.1; 
PH2 = 0.01; 
P113 = 0.001; 
PH4 = 0.0001; 
COMPILE GENERAL; 
* This routine recalculates those values which change as time changes; 
XTIME = TIME; 
COMPILE EQUATIONS; 
% EMISSF : = NO2PI; 
% EMISSF : = NO2P2; 








% KW : NO2P3 ; 
% KW : NO2P4 =; 
*Include experimental data here including estimation of errors; 
DATA 0.1; 
TIME NP1 NP2 NP3 NP4; 
RANGE 4.232E-3 2.36E-3 I .482E-3 I .928E-4; 




o o 0 0 0; 
59 	199E-6 100E-6 	107E-6 28.8E-6; 
60 	229E-6 I 19E-6 	135E-6 32.6E-6; 
299 817E-6 541E-6 	514E-6 70.5E-6; 
300 885E-6 497E-6 	315E-6 75.6E-6; 
599 1740E-6 I 180E-6 497E-6 96.4E-6; 
600 21 16E-6 1 125E-6 741E-6 96.4E-6; 
SETVARY EMISSF K2; 
BEGIN; 
* Define the print table; 
SETPSTREAM 43; 
TIME NP! NP2 NP3 NP4; 
* Identify what is to be output; 
COMPILE TABLE; 
PSTREAM 4; 
* Control time course of programme; 
WHENEVER TIME = 0+1*600 % CALL TABLE; 
BEGIN; 
STOP; 
A.3.2 FACSIMILE Coding (version II) 
• METHOD2.FAC; 
• DECLARATION OF PARAMETERS AND VARIABLES; 
PARAMETER EMISSF3E-6 K24E12 K3 1E3 K43.IE11 
K5 4.8E-6 K6 5.8E1 I KW 4.9E9; 
VARIABLE 
PHi NP21 NP41 NSP1 NO1 N021 
PH2 NP22 NP42 NSP2 NO2 N022 
PH3 NP23 NP43 NSP3 NO3 N023 
PH4 NP24 NP44 NSP4 N04 N024; 
COMPILE INSTANT; 
*OPEN FILE FOR pstream OUTPUT; 
OPEN 3 "TABLE 1 .OUT" NEW; 
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* Assign concentrations for phenol here; 
COMPILE iNITIAL; 
PHI =0.1; 
PH2 = 0.01; 
PH3 = 0.001; 
PH4 = 0.0001; 
COMPILE GENERAL; 
* This routine recalculates those values which change as time changes; 
XTIME = TIME; 
COMPILE EQUATIONS; 
%EMISSF: =N021; 
% EMISSF: = N022; 
% EMISSF: = NO23; 
% EMISSF: = N024; 
%K2:NO21 +PH1NO1; 
% K2 : N022 + PH2 = NO2; 
% K2 : N023 + PH3 = NO3; 
%K2 :N024+PH4N04; 
%K3 :NO1 +PHI =NSPI; 
%K3 :NO2+PH2NSP2 
% K3 NO3 + PH3 = NSP3; 
% K3 : N04 + PH4 = NSP4; 
%K4:NSPI +N021 =NP41 +NO1; 
% K4 : NSP2 + N022 = NP42 +NO2; 
% K4 : NSP3 + N023 = NP43 +NO3; 
% K4 : NSP4 + N024 = NP44 +NO4; 
%K5 :N021 +PH1 =NP41; 
% K5 N022 + PFI2 = NP42; 
% K5 : N023 + PH3 = NP43; 
%K5 :N024+PH4NP44; 
%K6 :N021 +PH1 =NP21; 
% K6 : N022 + PH2 = NP22; 
%K6:NO23+PH3NP23; 





*Include experimental data here including estimation of errors; 
DATA 0.1; 
TIME NP21 NP41 NSP1 




NP22 NP42 NSP2 
NP23 NP43 NSP3 
NP24 NP44 NSP4; 
RANGE 984E-6 197.6E-6 4822E-6 
396E-6 1 16.2E-6 3094E-6 
164E-6 82.2E-6 1056E-6 




0 0 0; 
59 	71.OE-6 8.51E-6 202E-6 
12.OE-6 4.68E-6 199E-6 
9.22E-6 2.46E-6 77.OE-6 
1.43E-6 0.614E-6 6.59E-6; 
60 	44.4E-6 6.34E-6 186E-6 
12.7E-6 1.51E-6 129E-6 
4.83E-6 2.4E-6 44.3E-6 
I.18E-6 0.614E-6 5.63E-6 
299 235E-6 55.7E-6 866E-6 
88.2E-6 18.9E-6 961E-6 
42.4E-6 25.2E-6 150E-6 
4.56E-6 6.30E-6 25.9E-6; 
300 185E-6 24.6E-6 848E-6 
91.2E-6 8.78E-6 768E-6 
27.7E-6 15.4E-6 124E-6 
4.83E-6 3.85E-6 29.4E-6; 
599 492E-6 98.8E-6 241 1E-6 
186E-6 58.1E-6 1980E-6 
82.OE-6 41.1E-6 528E-6 
7.48E-6 10.3E-6 43.7E-6 
600 407E-6 57.1E-6 2405E-6 
198E-6 37.7E-6 1547E-6 
59.8E-6 24.3E-6 397E-6 
6.91E-6 6.07E-6 41.3E-6; 
SETVARY EMISSF K2 K3 K4 K5 K6; 
BEGTh1; 
* Defme the print table; 
SETPSTREAM 43; 
TIME NP21 NP22 NP23 NP24; 
* Identify what is to be output; 
COMPILE TABLE; 
PSTREAM 4; 
* Control time course of programme; 
WHENEVER TIME = 0+1*600 % CALL TABLE; 
BEGIN; 
STOP; 
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A.4 Multiphase model 
The coding included in Section A.4.1, describes the base scenario in which the 
temperature was set to 298 K and the best estimates were implemented to describe 
the liquid phase aromatic rate coefficients. Data were acquired using batch 
processing in which one factor was sequentially altered. In this work the liquid water 
content was the parameter that was varied, ranging from a value of 3x10 9 to 3x10. 
The coding in Section A.4.1 was that used to obtain the data shown in Figure 5.19 of 
Section 5.5.1. Subsequent models that include the partitioning of the nitrophenol 
products, as shown in Figures 5.18 and 5.20, require the use of a different set of 
variables to describe the product species as well as additional partitioning parameters 
that correspond to these product species. Although not included here, the coding for 
this extended model may be supplied upon request. 
A.4.1 FACSIMILE Coding 
• Base.FAC; 
• A basic diurnal box model, also including some night-time chemistry AT 298K includes partitioning 
of PH and benz into liquid phase and their subsequent reactions; 
* Includes methane degradation and uptake of NO3, OH, H02, H202, HNO3, HCHO, HNO2, 
HCOOH, CH302, CH300H, NO2, N205, 03, CH30H, CO2, H02NO2 AND NO; 
* Where the liquid concentrations are expressed as liquid concentrations of moles per litre and the gas 
phase concentrations are (as before) in molecules cm-3; 
• DECLARATION OF VARIABLES; 
• Declare any TIME dependent concentration species here; 
• Declare clean chemistry variables here; 
VARIABLE OlD 03P N20 H NEG BAL; 
* Declare methane chemistry variables here; 
VARIABLE CH30 CH3NO3 CH302NO2; 
* Declare aromatic chemistry variables here; 
VARIABLE OPL RO PHLOSS PHLLOSS C61-150 C6H50B C6H5OBLIQ; 
* Declare partitioned chemistry variables here; 
VARIABLE PH PIlL; 
VARIABLE PHLAV PHTOT LPHAV PHLOAV; 
VARIABLE PHB PHBL; 
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VARIABLE PHBLIQ PHBLIQL; 
VARIABLE NO3 N031,; 
VARIABLE BENZ BENZL; 
VARIABLE OH OHL; 
VARIABLE H02 H02L; 
VARIABLE 11202 H202L; 
VARIABLE HNO3 1-fNO3L; 
VARIABLE HCHO HCHOL; 
VARIABLE HNO2 HN021,; 
VARIABLE HCOOH HCOOHL; 
VARIABLE CH302 CH3021,; 
VARIABLE CH300H CH300141,; 
VARIABLE NO2 N021,; 
VARIABLE N205 N2051,; 
VARIABLE 03 031,; 
VARIABLE CH30H CH30I4L; 
VARIABLE CO2L; 
VARIABLE H02NO2 H02NO2L; 
VARIABLE NO NOL; 
* Declare additional liquid phase species here; 
VARIABLE 02L HPL OHML 02ML NO3ML NO2ML 02NO2ML H2CO3L CO3MML CO3ML 
CH20HO14L HCOOML HCO3ML HOCLL CL21, Cl2ML CIL CIML HCIL CIOHML; 
* Declare nitrophenol products here; 
VARIABLE APH AB ABLIQ LPH LB LBLIQ; 
• DECLARATION OF PARAMETERS; 
• Declare any fixed concentration and emission parameters here; 
PARAMETER 02 H20 CO CH4 CO2 H20L EMISSNO EMISSPH EMISSBENZ DEP03 
DEPH202 DEPN02 DEPHNO3 DEPHNO2 RH R02; 
* Declare other parameters here; 
PARAMETER LAT 50.0 DEC 0.0 PAlM 1.0 NA 6.02214E23; 
PARAMETER P1 RADIAN XTIME SEC LHA TEMP ABC Cl-H ZBC CB CBA; 
* Declare gas phase photolysis parameters here; 
PARAMETER JN02 J03 J203 JHNO2 JHNO3 JINO3 J2NO3 JH202 Jil J12 J41 iS!; 
* Declare liquid photolysis parameters here; 
PARAMETER JH202L JN02ML JN03ML; 
* Declare general parameters here; 
PARAMETER MOLS I-IRS ACIDITY; 
* Declare general partitioning parameters here; 
PARAMETER R LC D KL AC; 
* Declare PH partitioning parameters here; 
PARAMETER HEN C DG ALPHA G KMT; 
* Declare NO3 partitioning parameters here; 
PARAMETER HEN2 C2 DG2 ALPHA2 G2 KMT2; 
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* Declare BENZ partitioning parameters here; 
PARAMETER HEN3 C3 DG3 ALPHA3 G3 KMT3; 
* Declare OH partitioning parameters here; 
PARAMETER HEN4 C4 DG4 ALPHA4 G4 KMT4; 
* Declare H02 partitioning parameters here; 
PARAMETER HEN5 C5 DG5 ALPHA5 G5 KMT5; 
* Declare H202 partitioning parameters here; 
PARAMETER HEN6 C6 DG6 ALPHA6 G6 KMT6; 
* Declare HNO3 partitioning parameters here; 
PARAMETER HEN7 Cl DG7 ALPHA7 G7 KMT7; 
* Declare HCHO partitioning parameters here; 
PARAMETER HEN8 C8 DG8 ALPHA8 G8 KMT8; 
* Declare HNO2 / HNO2L partitioning parameters here; 
PARAMETER HEN9 C9 DG9 ALPHA9 G9 KMT9; 
* Declare HCOOH partitioning parameters here; 
PARAMETER HEN1O ClO DGIO ALPHA1O GlO KMT1O; 
* Declare CH302 partitioning parameters here; 
PARAMETER HEN11 Cli DG11 ALPHA1I Gil KMTI1; 
* Declare CH300H partitioning parameters here; 
PARAMETER 14EN12 C12 DG12 ALPHAl2 Gi2 KMTI2; 
* Declare NO2 partitioning parameters here; 
PARAMETER HENI3 C13 DGI3 ALPHA13 G13 KMT13; 
* Declare N205 partitioning parameters here; 
PARAMETER HEN14 CM DG14 ALPHAI4 G14 KMTI4; 
* Declare 03 partitioning parameters here; 
PARAMETER HENI5 C15 DG15 ALPIIA15 G15 KMT15; 
* Declare CH30H partitioning parameters here; 
PARAMETERHEN16 C16 DGI6 ALPHA16 G16 KMTI6; 
* Declare CO2 partitioning parameters here; 
PARAMETER HEN17 C17 DG17 ALPHA17 017 KMT17; 
* Declare H02NO2 partitioning parameters here; 
PARAMETER HEN18 C18 DGI8 ALPHA18 G18 KMTI8; 
* Declare NO partitioning parameters here; 
PARAMETER F[EN19 Cl9 DGI9 ALPHA19 019 KMTI9; 
* Declare clean chemistry rate coefficients here; 
PARAMETER K! K2 1(3 K4 K5 K6 K7 K7A K8 K9 KlO K12 K18 K19 1(22 K52 KR21 KR1 KR2 
KR3 KR4 KR6 KR7 KR8 KR1O KR19 KR20; 
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* Declare methane oxidation rate coefficients here; 
PARAIvIETER Ki 1 K13 K14 K15 K16 K17 K21 K33 K34 K50 K51 KR5 KR13 KR14 KiOl K102; 
* Declare reusable parameters here; 
PARAMETER REUSO REUS1 REUS2 REUS3 REUS4 REUS5 REUS6 REUS7 REUS8 REUS9 
REUS 10; 
COMPILE INSTANT; 
* Assign concentrations for parameters here; 
02 = 5.1E18; 
1120 = 5.1E17; 
CO = 5.1E12; 
CH4 = 4.34E13; 
CO2 = 9.5E15; 
H20L = 55.5; 
RH =2.5E11; 
* Assign values for emission and deposition here; 
EMISSNO = 2E6; 
EMISSPH = 7.6E2; 
EMISSBENZ = 5.1E4; 
DEPH202 = 5E-3/1000; 
DEPHNO3 = 2E-2/1000; 
DEPHNO2 = 5E-3/1000; 
* Assign general heterogeneous parameters here; 
R = 8.20578E-2; 
D= 1E-3; 
LC = 3E-7; 
* Assign PFIIPFIL parameters here; 
C = 25908; 
DG = 0.0853; 
ALPHA = 0.01; 
* Assign NO3/NO3L parameters here; 
C2=31901; 
DG2=0.1; 
ALPHA2 = 4E-3; 
* Assign BENZIBENZL parameters here; 
C3=28441; 
DG3 = 0.0895; 
ALPHA3 = 1E-3; 
* Assign OWORL parameters here; 
C4 = 60922; 
DG4 = 0.153; 
ALPHA4 = 0.05; 
* Assign H02/ H02L parameters here; 
CS = 43726; 
DG5 = 0.104; 
ALPHA5 = 0.01; 
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* Assign 112021H202L parameters here; 
C6=43078; 
DG6 = 0.146; 
ALPHA6=0.11; 
* Assign HNO3IHNO3L parameters here; 
Cl = 3 1647; 
DG7 = 0.132; 
ALPHA7 = 0.054; 
* Assign HCHO/HCHOL parameters here; 
C8 = 45860; 
DG8=0.164; 
ALPFIA8 = 0.02; 
* Assign HNO2IHNO2L parameters here; 
C9 = 36639; 
DG9=0.13; 
ALPHA9 = 0.5; 
* Assign HCOOHIHCOOHL parameters here; 
do = 37035; 
DG10=0.153; 
ALPHA 10 = 0.012; 
* Assign CH302/CH302L parameters here; 
Cli =36639; 
DG11 = 0.135; 
ALPHA11 = 0.0038; 
* Assign CH300HICH30014L parameters here; 
C12=36255; 
DGI2 = 0.131; 
ALPHAl2 = 0.0038; 
* Assign NO2IN02L parameters here; 
C13=37035; 
DG13 = 0.192; 
ALPHA13 = 1.5E-3; 
* Assign N205/N205L parameters here; 
C14 = 24110; 
DGI4=0.11; 
ALPHA 14 = 3.7E-3; 
* Assign 03/03L parameters here; 
C15 = 36256; 
DG15 = 0.148; 
ALPHA 15 = 5E-2; 
* Assign CH30WCH30HL parameters here; 
C16 =44404; 
DGI6=0.116; 
ALPHA16 = 1.5E-2; 
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* Assign CO2/CO2L parameters here; 
C17 = 37868; 
DG17 = 0.155; 
ALPHA 17 = 2E4; 




* Assign NO! NOL parameters here; 
C19 = 45860; 
DG19 = 0.227 166; 
ALPFIAI9 = 0.01; 
* Calculate fixed values for Sec X here; 
P1 =4.0*ARTAN(l.0); 
RADIAN = 180.0!P1; 
LAT =LATIRADIAN; 
DEC = DEC/RADIAN; 
*4" 
COMPILE INITIAL; 













1 0,C:\PEOPLE\med\products\1  0\file 1 0,OUT 
11 ,C:\PEOPLE\med\products\file  11 ,OUT 
1 2,C:\PEOPLE\med\products\file  1 2,OUT 
[LC] 
3E-9 4E-9 5E-9 6E-9 7E-9 8E-9 9E-9 IE-8 2E-8 3E-8 4E-8 5E-8 6E-8 7E-8 8E-8 9E-8 1E-7 2E-7 
3E-7 4E-7 5E-7 6E-7 7E-7 SE-i 9E-7 1E-6 2E-6 3E-6 
%BATCH END%; 
* Assign initial concentration of gas phase variables here; 
OID=5E3; 
03P=5E3; 
N20 = 7.5E12; 
CH3O=0; 
CH3NO3 = 6E8; 
CH302NO2 = 1E6; 
OPL = 0; 
R00; 
PHLOSS =0; 
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PI-ELLOSSO; 
* Assign initial concentration of partitioned species here; 
PH = 2.55E8; 





NO3 = 1 .6E7; 
NO3L = 3.5E-13; 
BENZ= 1.68E11; 
BENZL = 6.1E-9; 
OH = 5E3; 
OHL = 5E-15; 
H02=5E6; 
1102L = IE-9; 
H202 = 2E10; 
H202L = 8E-5; 
HNO3 = 2.55E10; 
HNO3L = 2.IE-4; 
HCHO = 2E8; 
HCHOL = 2E-8; 
HNO2=2E8; 
HNO2L = 4E-10; 
HCOOH = 2E 11; 
HCOOHL = 5E-5; 
CH302=3E8; 
CH302L = 7E-12; 
CH300H = 2.55E8; 
CH300FEL = IE-lO; 
NO2 = 1.75E10; 
NO2L = 8E-12; 
N205 = 5E6; 
N205L = 2.75E-13; 
03 = SEll; 
03L = 2E-10; 
CH30H = 1.275E11; 
CH30HL = 1E-6; 
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CO2L= 1.1E-5; 
H02NO2 = 3E7; 
H02N021, = 1E-7; 
NO = 6E9; 
NOL=5E-13; 
* Assign initial concentration of liquid phase variables here; 
02L=0; 
FIPL = 3.16E-5; 
OHML =4E-12; 
02ML= 1E-lO; 
NO3ML = 1E-10; 
NO2ML= IE-li; 
02NO2ML = 1E-10; 
H2CO3L = 5E-10; 
CO3MML = 1E-22; 
CO3ML = 1E-18; 
CH20HOHL = 4E-5; 
HCOOM1,=3E-6; 
HCO3ML 1E-14; 
HOCLL = IE-lO; 
C12L = 6E-1 8; 
Cl2ML= 1E-13; 
C1L = 1E-17; 
CIML = 1E-4; 
HCIL = 2E-14; 
C1OHML=1E-17; 
COMPILE GENERAL; 
* This routine recalculates those values which change as time changes; 
XTIME = TIME; 
LHA = (1.0 IXT1ME/4.32E4)*P1; 
SEC = l.O/(RAMP(COS(LHA)*COS(LAT)*COS(DEC)+SIN(LAT)*S'(DEC))+l E-30); 
ABC = (cos(uIA)*cos(LAT)*cos(DEC))+(SI}(LAT)*SN(DEC)); 
TEMP = 298; 
R02 = 3*CH302; 
* Calculates values of MOLS; 
MOLS = (PATM* 1.01 325E5)I(1 .3806E23*TEMP* 1E6); 
* Calculate gas phase photolysis rates coefficients taken from MCM2 here; 
IF (ABC-1.OE-l0)l 1,1 1,*; 
J 1 1=4.642Do5*(ABC@(0.762))*EXP(O.353*SEC); 
J 12=6.853D05*(ABC@(0.477))*EXl)(M.323 *SEC); 
J4 l=7 .649Do6*(ABC@(o.682))*EXP(O.279*SEC); 
J5 1=1 .588D_06*(ABC@(l .1 54))*EXP(_O.3 1 8*SEC); 
JUMP 10; 
LABEL 11; 
ill = l.OE-30; 
J12 = l.OE-30; 
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J41 = 1.OE-30; 
J51 = 1.OE-30; 
LABEL 10; 
IF (ABC)38,*,*; 
BC = ABC**2; 
CB = (l-BC)IBC; 
CBA = SQRT(CB); 
CHI = ARTAN(CBA); 
JUMP 39; 
LABEL 38; 
BC = ABC**2; 
CB = (1-BC)IBC; 
CBA = SQRT(CB); 
CHI = PI-ARTAN(CBA); 
LABEL 39; 
* Calculate clean gas phase photolysis rates here; 
IF ((0.84671*CHI)_(P112))13,13,*; 





JN02 = 1 .03E2*EXP(O.96 1 8( 1- l/COS(0.8467 1 *Z))); 
[F ((0.80782*CHI)_(P112)) 15,1 5,*; 





J03 = SE-S *EXP(3 .29332*( 11 /COS(O.80782*Z))); 
IF ((0.92289*CHI)_(PI/2))17,17,*; 
Z = P11(2*0.92289); 
JUMP 16; 
LABEL 17; 
Z = CHIT; 
LABEL 16; 
J203 = 5.1 lE4*EXP(0.37 195*(l l/COS(0.92289*Z))); 
IF ((0.83644*CHI)_(P112))19,19,*, 





JIHNO2 = 2.36E-3 *EXP( 1 .0656*( 1-  1/COS(0.83644*Z))); 
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IF ((0.81364*CHI)-(PL/2))21,21,* 





JHNO3 = 8.07E7*EXP(2.30845*( 1- 1ICOS(0.8 1 364Z))) 
IF ((0.93748*CHI)4PI/2))23,23,*; 





J 1NO3 = 2.59E2*EXP(0.296 1 8*( 1- l/COS(0.93748*Z))); 
IF ((0.93059*CH1)(PI12))2525,*; 





J2NO3 = 0.23*EXP(0.335 1 8*( l l/COS(0.93059*Z))); 
IF ((0.81606*CFll)(PI12))27,27,*; 





JH202 = 1.1 8E5*EXP(1 .6505( I-1/COS(0.8 I 606'Z))); 
* Calculate liquid phase photolysis rates here; 
IF ((I .007*CHI)_(P112))33,33,*; 





JH202L = 1 .359E5*EXP(l 449*( 1- IICOS( 1 .007*Z))); 
IF ((0.9156*CHI)(P112))35,35,*; 





JN02ML = 8.757E5*EXP( 1 .343*(1 1/COS(0.9 1 56*Z))); 
IF ((1.019*CHD(PI/2))37,37,*; 
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IN03ML = 1 .439E6*EXP(1 .48*( 1- IICOS( 1.01 9*Z))); 
* Deposition rates to be calculated over time; 
DEP03 = 2E-3/1 000+JN02* 1.08991 8E-3; 
DEPN02 = 2 .7248E4*JN02; 
* CALCULATES PARTITIONING INTO THE LIQUID PHASE; 
REUS1 =6*LC; 
AC=REUS I ID; 
* GAS / LIQUID PARTITIONING; 
* Calculate PHIPHL partitioning here; 
HEN = 1*EXP((5850/TEMP)l 1.6); 
REUS1 =C*D; 
REUS2 = 8*DG; 
REUS3 = 1/ALPHA; 
REUS5 = REUS1/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G1 IREUS7; 
KMT = 0.25*C*AC*GILC; 
* Calculate NO3INO3L partitioning here; 
HEN2=0.6; 
REUSI = C2*D; 
REUS2 = 8*DG2; 
REUS3 = 1/ALPHA2; 
REUS5 = REUSIIREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G2 1 IREUS7; 
KMT2 = 0.25*C2*AC*G2/LC; 
* Calculate BENZIBENZL partitioning here; 
HEN3 = l*Exp((4000rrEMP)15.14); 
REUSI =C3*D; 
REUS2 = 8*DG3; 
REUS3 = 1/ALPHA3; 
REUS5 = REUS1/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G3=1IREUS7; 
KMT3 = 0.25*C3*AC*G3/LC; 
* Calculate OHIOHL partitioning here; 
HEN4 = 25*EXP(5280*(1rrEMP1/298)); 
REUSI = C4*D; 
REUS2 = 8*DG4; 
REUS3 = 1/ALPHA4; 
REUS5 = REUSIIREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G4=1IREUS7; 
KMT4 = 0.25*C4*AC*G4ILC; 
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* Calculate H02IHO2L partitioning here; 
}{EN5 = 9000; 
REUS1 =C5*D; 
REUS2 = 8*DG5; 
REUS3 = i/ALPHAS; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G51 /REUS7; 
KMT5 = 0.25*C5*AC*G5/LC; 
* Calculate H2021H2021, partitioning here; 
HEN6 = lE5*EXP(6340*(l1l'EMPl/298)); 
REVS 1 = C6D; 
REUS2 = 8*DG6; 
REUS3 = 1/ALPHA6; 
REUS5 = REUS1/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G6=1/REUS7; 
KMT6 = 0.25*C6*AC*G6/LC; 
* Calculate HNO3/HNO3L partitioning here; 
HEN7 = 2.1 E5*EXP(8700*( 1/TEMP- 1/298)); 
REUS1 = C7tD; 
REUS2 = 8*DG7; 
REUS3 = i/ALPHA7; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G7=1IREUS7; 
KMT7 = 0.25*C7*AC*G7ILC; 
* Calculate HCHOIHCHOL partitioning here; 
1-IEN8 = 3000*EXP(7200*(1/TEMP1/298)); 
REUS1 =C8*D; 
REUS2 = 8*DG8; 
REUS3 = l/ALPHA8; 
REUS5 = REUS1/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G8=1IREUS7; 
KMT8 = 0.25*C8*AC*G8/LC; 
* Calculate HNO2IHNO2L partitioning here; 
HEN9 = 49*E)Ip(4880*(1/TEM.1/298)); 
REUS1 =C9*D ; 
REUS2 = 8*DG9; 
REUS3 = 1/ALPHA9; 
REUS5 = REUSI/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G9=1/REUS7; 
KMT9 = 0.25*C9*AC*G9/LC; 
* Calculate HCOOH/HCOOHL partitioning here; 
HENIO = 5E3*EXP(5630*(l/TEMP1/298)); 
REUS1 =C10*D; 
REUS2 = 8*DG10; 
REUS3 = 1/ALPHA 10; 
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REUS5 = REUSI/REUS2; 
REUS7 = REUS5-0.5+REUS3; 
G1O=1IREUS7; 
KMTIO = 025*C1O*AC*G1OILC; 
* Calculate CH302/CH302L partitioning here; 
HEN1 1 = 6*EXP(5640*(l/TEMP1/298)); 
REUS1 =C1l*D; 
REUS2 = 8*DG 11; 
REUS3 = l/ALPHA1 1; 
REUS5 = REUSIIREUS2; 
REUS7 = REUS5-0.5+REUS3; 
GI l=1/REUS7; 
KMT11 =O .25*Cl1*AC*G1l/LC; 
* Calculate CH300FIICH300HL partitioning here; 
HEN12 = 6*EXP(5640*(1/TEMP1/298)); 
REUS1 = C12*13; 
REUS2 = 8*DG12; 
REUS3 = 1/ALPHAl2; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G12=1IREUS7; 
KMT12 = 0.25*C12*AC*G12/LC; 
* Calculate NO2/NO2L partitioning here; 
HEN13 = 1.2E2*EXP(2500*(1rFEMP1/298)); 
REUSI =C13*D; 
REUS2 = 8*DG13; 
REUS3 = 1/ALPHA 13; 
REUS5 = REUS1JREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G13=IIREUS7; 
KMTI3 = 0.25*C13*AC*GI3ILC; 
* Calculate N205/N205L partitioning here; 
HEN14= 1.4; 
REUS1 =C14*D; 
REUS2 = 8*DG14; 
REUS3 = l/ALPHA14; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G14=l/REUS7; 
KMT14 = 0.25*C14*AC*G14/LC; 
* Calculate 03/03L partitioning here; 
HEN 15 = l.1E2*E)(P(2300*(1TFEMP1/298)); 
REUS1 =C15*D; 
REUS2 = 8*DG15; 
REUS3 = l/ALPHA15; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G 5=l/REUS7; 
KMTI5 = 0.25*C15*AC*G151LC; 
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* Calculate CH30HJCH30HL partitioning here; 
HEN16 = 2 .2E2*ExP(5390*(l/TEMP1/298)); 
REUS1 =C16*D; 
REUS2 = 8*DG16; 
REUS3 = 1/ALPHA 16; 
REUS5 = REUSIIREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G16=11REUS7; 
KMT16 = 0.25*C16*AC*G16ILC; 
* Calculate CO2/CO2L partitioning here; 
FIEN 17 = 3. lE2*EXP(2423*(l/TEMPl/298)); 
REUS1 = C17*D; 
REUS2 = 8*DG17; 
REUS3 = 1/ALPHA 17; 
REUS5 = REIJS1/REUS2; 
REUS7 = REIJS5-0.5+REUS3; 
01 7=1/REUS7; 
KMTI7 = 0.25*C17*AC*G17ILC; 
* Calculate H02NO2IHO2NO2L partitioning here; 
HENI8 = 10000; 
REUSI =C18*D; 
REUS2 = 8*DGI8; 
REUS3 = l/ALPHA18; 
REUS5 = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G18=1IREUS7; 
KMT18 = 0.25*C18*AC*GI8ILC; 
* Calculate NO/NOL partitioning here; 
HEN19 = 1.9E-3; 
REUS1 =C19*D; 
REUS2 = 8*DG19; 
REUS3 = 1/ALPHA 19; 
REUSS = REUS1IREUS2; 
REUS7 = REUS5-0.5+REUS3; 
G19=1IREUS7; 
KMTI9 = 0.25*C19*AC*G19/LC; 
* Calculate clean gas phase reaction rate coefficients here; 
REUS1 = .-160/TEMP; 
Ki =2.9El2*EXP(REUSl); 
REUS1 =-1310/TEMP; 
K2 = 1.4E-I2tEXP(REUSI); 
REUS1 =67/TEMP; 
1(3 = 3.2E-1 l*MOLS*EXP(REUS1); 
REUS1 = -940/TEMP; 
K4 = 1.7E-12tEXP(REUS1); 
REUS1 = TEMP/300; 
REUS2 = 693/TEMP; 
K5 = 2.03E- 1 6*(REUS l@4.57)*EXP(REUS2); 
REUS1 = 270/TEMP; 
K6 = 3.6E12*EXP(REUS1); 




REUSI = 600/TEMP; 
K7 = 2.2E13*EXP(REUS1); 
K7A = I .9E33*MOLS*EXP(9801FEMP); 
REUSI = -2470/TEMP; 
K8 = 1.4E13*EXP(REUS1); 
REUS1 = 110,TEMP; 
K9 = 1.8E-1 1*EXP(REUS1); 
REUS1 = 250/TEMP; 
K10 = 4.8E-1 1*EXP(REUS1); 
K12 = 6.2E.14*((TEMP/298)@2.6)*EXP(945/TEMP); 
REUS1 = TEMP/300; 
K18 = MOLS*5.6E34*REUS1@2.8; 
REUS 1 = 7.2E- 1 
REUS3 = 1 .9E33*EXP(725/TEMP); 
REUS4 = 4.lE16*EXP(1440/TEMP); 
REUS2 = (REUS3 *MOLS)/( 1 +(REIJS3 *MOLS)fjUS4); 
K19 = REUS1+REUS2; 
K22 = 1.3E13*(1±(0.6*300f1'EMP)); 
K52 = 5.5E12*EX1P(188fFEMP); 
REUSO = (TEMP/300)@-2.9; 
REUS1 = REUS0*MOLS*2.6E30; 
REUS2 = 7.5E-1 1*((TEMP/300)@0.6); 
REUS3 = 1*EXP(TEMP/340); 
REUS8 = LOG 10(REUS3); 
REUS4 = REUS1fREUS2; 
REUS5 = 1+((LOGI0(REUS4))**2); 
REUS6 = REUS8IREUS5; 
REUS7 = 10@REUS6; 
KR! = (REUS1*REUS2*REUS7)/(REUS1 + REUS2); 
REUS0 = (TEMP/300)@-0.8; 
REUS I = REUS0*MOLS*6.9E3 I; 
REUS2 = 2.6E-1 1; 
REUS3 = LOG 10(0.5); 
REUS4 = REUS1IREUS2; 
REUS5 = 1+((LOG1O(REUS4))**2); 
REUS6 = REUS3IREUS5; 
REUS7 = 10@REUS6; 
KR2 = (REUSI*REUS2*REUS7)/(REUS1 + REUS2); 
REUSO = (TEMP/300)@-3.5; 
REUSI = REUS0*MOLS*2.8E30; 
REUS2 = 2.0E12*((TEMP/300)@0.2); 
REUS3 = -1950/TEMP; 
REUS4 = -TEMP/430; 
REUS5 = (2.5*EXP(REUS3)) + (0.9*EXP(REUS4)); 
REUS6 = REUS1IREUS2; 
REUS7 = 1I((LOG10(REUS6))**2); 
REUS8 = LOG 10(REUS5); 
REUS9 = REUS8IREUS7; 
REUSIO = 10@REUS9; 
KR3 = (REUS1*REUS2*REUS10)/(REUSI + REUS2); 




REUSO = (TEMP/300)@-3.5; 
REUS1 = I EXP(-1 1000/TEMP); 
REUS2 = lE3*REUSO*REUS1*MOLS; 
REUS3 = (TEMP/300)@O.1; 
REUS4 = 9.7E14*REUS3*EXP(1 1080rFEMP); 
REUS5 = 2.5*EXP(1950/TEMP)+0.9*EXP(TEMP/430); 
REUS6 = LOG 1O(REUS5); 
REUS7 = 1I((LOG1O(REUS2/REUS4))**2); 
REUS8 = REUS6IREUS7; 
REUS9 = I0@REUS8; 
KR4 = EUS2*REUS4*REUS9)/(REUS2+REUS4); 
REUS 1 = 9E32*((TEMP/300)@2.0)*MOLS; 
REUS2 = 2.2E-11; 
REUS3 = 1*EXP(TEMP/1300); 
REUS4 = LOG 1O(REUS3); 
REUS5 = 1+((LOG1O(REUS1IREUS2))**2); 
REUS6 = REUS4/REUS5; 
REUS7 = 10@REUS6; 
KR6 = (REUS 1 *p,US2*pUS7)/(p.US 1 + REUS2) 
REUSO = (TEMP/300)@-1.8; 
REUSI = 5.4E32*MOLS*REUSO; 
REUS2 = 7.5E-1 1; 
REUS3 = 1 *EXP(.TEMP/498); 
REUS4 = LOG 1O(REUS3); 
REUS5 = 1+((LOG1O(REUS1IREUS2))**2); 
REUS6 = REUS4/REUS5; 
REUS7 = 10@REUS6; 
KR7 = (REUS1*REUS2*REUS7)/(REUS1 + REUS2) 
REUS1 = 1E-3 1*((TEMP/3OO)@1.6)*MOLS; 
REUS2 = 3E-1 1*(TEMP/300)@O.3; 
REUS3 = 1*EXP(TEMP/1850); 
REUS4 = LOG 1O(REUS3); 
REUS5 = H((LOG10(REUS1IREUS2))**2); 
REUS6 = REUS4IREUS5; 
REUS7 = 10@REUS6; 
KR8 = (REUS1 *REUS2*REUS7)/(US 1 + REUS2); 
REUS1 = MOLS*7.4E3 1 *((Jp/300)..24); 
REUS2 = 3.3E-1 1; 
REUS3 = 1 *E)J(..Th4J/ 142O) 
REUS4 = LOG 10(REUS3); 
REUS5 = H((LOGl0(REUS1IREUS2))**2); 
REUS6 = REIJS4IREUS5; 
REUS7 = 10@REUS6; 
KR1O = (REUS1*REUS2*REUS7)/(REUS1 + REUS2); 
REUSI = I .80E-31 *((fyfl)/30)..32)*MOLS; 
REUS2 = 4.70E-12; 
REUS3 = 0.6; 
REUS4 = LOG 10(REUS3); 
REUS5 = 11((LOG1O(REUS1IREUS2))**2); 
REUS6 = REUS4IREUS5; 
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REUS7 = 10@REUS6; 
KR19= (REUS1*REUS2*REUS7)/(REUS1 + REUS2); 
REUS1 = 4. l0E05*EXP(106501FEMP)*MOLS; 
REUS2 = 5.70E+15*EXP(1 1 170T1'EMP); 
REUS3 = 0.5; 
REUS4 = LOG l0(REUS3); 
REUS5 = 1+((LOG1O(REUS1IREUS2))**2); 
REUS6 = REUS4IREUS5; 
REUS7 = 10@REUS6; 
KR20 = (REUS 1 *REUS2*REUS7)/(REUS 1 + REUS2); 
KR2 I = 1 .3E.12*EXP(380,TEMP); 
* Calculate gas phase methane reactions rate coefficients here; 
1(11 = 7.44E18*TEMP@2*EXP(1361/TEMP); 
K13 = 4.1E13*EXP(790ITEMP); 
K14 = 1E.14*EXP(1060/TEMP); 
1(15 = 1.9E12*EXP(190fI'EMP); 
K16 = 1E12*EXP(l90/TEMP); 
1(17 = 3E15*EXP(280ITEMP); 
K21 = 3E12*EXP(280/TEMP); 
1(33= 1.2E14*TEMP*EXP(287lTEMP); 
K34 = 6.01 E- 1 8*(TEMP@2*( 1 70/TEMP)); 
1(50 = 0.6E-13 *EXP(416/TEMP)*CH302 
1(51 =0.61E-13 
KR5 = 7.2E- 1 4*EXp(.. 1 080/TEMP)*MOLS*0.2095; 
REUS 1 = 2.50E30*((rEMP/300)@5.5)*MOLS; 
REUS2 = 7.50E-12; 
REUS3 = 0.36; 
REUS4 = LOG 10(REUS3); 
REUSS = I +((LOG I 0(REU SI /REUS2))**2); 
REUS6 = REUS4IREUS5; 
REUS7 = I0@REUS6; 
KR13 = (REUSI*REUS2*REUS7)/(REUS1 + REUS2); 
REUS 1 00E05*EXP(-9694fFEMP)*MOLS; 
REUS2 =1.l0E16*EXP(1056l11'EMP); 
REUS3 =0.36; 
REUS4 = LOG I0(REUS3); 
REUS5 = 1+((LOGLO(REUS1/REUS2))**2); 
REUS6 = REUS4IREUS5; 
REUS7 = 10@REUS6; 
KR14 = (REUS1*REUS2*REUS7)/(REUSI + REUS2) 
KIOl = 5E-13; 
K102 = IE-15; 
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COMPILE EQUATIONS; 
* Include clean gas phase reactions here; 
%Kl: H202 + OH = H20 + H02; 
%K2:NO+03 =NO2; 
%K3: 01D03P; 
0/6K4: 03+ OH = H02; 
03+ H02 = OH; 
NO + H02 = NO2 + OH; 
H02 + H02 = H202; 
%K7A: H02+HO2 =H202; 
NO2 +03= NO3; 
NO+NO3 =NO2+NO2; 
%KlO: OH + H02 = H20 + 02; 
%K12: OH + OH = H2O + 03P; 
03P + 02 = 03; 
OI-I-I-HNO3=H20+NO3; 
%K22: CO + OH = H; 
%K52: 03P + NO2 = NO; 
%KR21: OH + H02NO2 = NO2; 
%7.2E-1 1: OID+N20=N0+N0; 
%2.2E-10: OlD + H20 = OH + OH; 
%2E-1 1: OH + NO3 = H02 + NO2; 
0/,2.5E12*EXP(260rFEMP): OH + HNO2 =1120 + NO2; 
%IE-6: N205 = HNO3 + 1Th03; 
OH+NO2 =111403; 
OH + OH = 14202; 
NO2 + NO3 = N205; 
N205 = NO2 + NO3; 
03P + NO2 = NO3; 
H+02=H02; 
O3P + NO = NO2; 
%KR1O: OH + NO = HNO2; 
%KRI9: H02 + NO2 = H02NO2; 
%KR20: HO2NO2 = H02 + NO2; 
* Include gas phase CH4 reactions here; 
%K11: OH+CH4 =CH3O2; 
%Kl 3: CH302 + H02 = CH300H; 
%K14: OH + CH3NO3 = HCHO + NO2; 
%K1 5: OH + CH300H = CH302; 
%Kl 6: OH + CH300H = HCHO + OH; 
%K17: CH302 +NO=CH3NO3; 
%K21: CH302 + NO = CH30 + NO2; 
OH + HCHO = H02 + CO; 
CH30H + OH = H02 + HCI-lO; 
%K50: CH302 = CR30; 
%K5 1: CH302 = HCHO; 
0/6K51: CH302 = CH30H; 
% KiOl: RH + OH = 
%Kl02: RH+NO3=; 
%K21: R02 + NO = H02 + NO2; 
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%IE-12: CH302 + NO3 = CH30 + NO2; 
%5.8E-16: NO3 + HCHO = HNO3 + Co + H02; 
0/oKR5: CH30 = HCHO + H02; 
%KR13 %KR14: CH302 + NO2 = CH302NO2; 
* Include aromatic gas phase reactions here; 
% 3 . 58D12*Exp(280rrEMIP)*0.65*0.5: BENZ + OH = RO; 
% 3 .58D12*EXP(280TFEMP)*0.65*0.5: BENZ + OH = RO + H02; 
% 3.58D12*EXp(280ITEMP)*0.25: BENZ + OH = PHB + H02; 
% 3.58D12*EXP(280rrEMp)*0.10: BENZ + OH = RO; 
% 2.6313-1 10.067: PH + OH = C6H50; 
% 2.63D-1 1*0.933: PH + OH = PI-ILOSS; 
% 3.78D12*0.251: PH + NO3 = C6H50 + 1-11403; 
% 3.781312*0.749: PH + NO3 = PI-ILOSS; 
% 2.6313-1 1*0.067: PHB + OH = C6H5OB; 
% 2.6313-1 1*0.933: PHB + OH = PHLOSS; 
% 3.781312*0.251: PHB + NO3 = C6H5OB + HNO3; 
% 3.78D12*0.749: P1-lB + NO3 = PHLOSS; 
% 2.6313-110.067: PHBLIQ + OH = C6H5OBLIQ; 
% 2.6313-1 1*0.933: P}IBLIQ + OH = PHLOSS; 
% 3.78D-120.25 1: PHBLIQ + NO3 = C6H5OBLIQ + HNO3; 
% 3.78D12*0.749: PHBLIQ + NO3 = PHLOSS; 
%3.90E-13: C6H50 + NO2 = APH; 
%3.90E-13: C6H5OB + NO2 = AB; 
%3.90E-13: C6H5OBLIQ + NO2 = ABLIQ; 
* Include gas phase photochemical reactions here; 
0/oJN02 NO2 = 03P + NO; 
0/003: 03 = OlD; 
%J203: 03= 03P; 
%JHNO2: HNO2 = OH + NO; 
0/J}ff403: HNO3 = OH + NO2; 
0/01NO3: NO3 = NO; 
%J2NO3: NO3 = NO2 + 03P; 
°/JH2O2: H202 = OH + OH; 
%J1l: HCHO = CO + H02 + H02; 
%J12: HCHO = CO; 
%J41: CH300H = CH30 + OH; 
0/6J51: CH3NO3 = CH30 + NO2; 
* Include liquid phase photochemical reactions here; 
0/JIH202L: H202L = OHL + OHL; 
0/JNO2ML: NO2ML = NOL + OHL + OHIML; 
0/ofl.403!yft NO3ML = NO2L + OHL + OHML; 
* Include gas I liquid partitioning here; %KMT*LC o%(yJ4T*Lc*NAspHL)I(1o0o*HEN*R*TEMP):PH ; 
O/(MT*PH* 1000)/NA %KMT/(HEN*R*TEMP) = PFIL; 
M.A.J.Harrison 	 330 
Appendix A 
	 FACSIMILE coding 
% KMTLC %(j(MT*LC*NA*p}ffiL)/(1000*HEN*R*TEMP):PHB ; 
%((J4T*p}jB* 1000)/NA % KMT/(HEN*R*TEMP): PHBL; 
% KMTLC O/JyfT*LC*NA*p}LIQL)/( 1 000*HEN*R*TEMP):PHBLIQ ; 
O/J4T*P}LIQ* 1000)/NA % KMT/(HEN*R*TEMP): = PHBLIQL; 
% yfl'*j 0/.(jQyff2*LC*NA*NO3L)/( 1 000*HEN2*R*TEMP):NO3 ; 
%(KMT2*NO3* 1000)/NA % KMT2/(HEN2*R*TEMP): = NO3L; 
% KMT3LC 0/.((J4T3*LC*NA*BENZL)/(1 000tHEN3 *R*Th)):BENZ 
O/(J(j(MT3*BENZ* 1000)/NA % KMT3/(HEN3*R*TEMP): = BENZL; 
% KMT4LC 0/.(j(yff4*Lc*NA*O}{L)/(1 000*HEN4*R*TEMP):OH ; 
0/.((MT4 *011* 1000)/NA % KMT4/(HEN4*R*TEMP): = OHIL; 
% KMT5LC %(J(J,4T5*LC*NA*HO2L)/( 1 000*}N5*R*TEMP)i102 
0/.(KMT5*H02* 1000)/NA % KMT5/(}{EN5*R*TEMP): = fIO2L; 
% KMT6'LC %(KMT6*LC*NA*H202L)/( 1000*HEN6*R*TEMP):H202 ; 
0/.(}(J4T6*}402* 1000)/NA % KMT6/(HEN6*R*TEMP): = H202L; 
% KMT7LC %(KMT7*LC*NA*FIN03L)/( 1000*HEN7*R*TEMP):HNO3 
%(I(MT7*}j03* 1000)/NA % KMT7/(HEN7*R*TEMP): = HNO3L; 
% KMT8LC O/yff*LC*NA*HCHOL)/( 1 000*HEN8*R*TEMP):HCHO ; 
%Q(J,418*HCHO* 1000)/NA % KMT8/(HEN8*R*TEMP): = HCHOL; 
% KMT9LC %(}UyfT9*LC*NA*}{I402L)/( 1 000*HEN9*R*TEMP):HNO2 ; 
0/.(KMT9*HNO2* 1000)/NA % KMT9/(HEN9*R*TEMP): = HNO2L; 
% KMTI 0*LC %(KMT 10*LC*NA*HCOOHL)/( 1 000*HEN I 0*R*TEMP):HCOOH ; 
%(KMT 1 0*HCOOH* I 000)/NA % KMTI 0/(HEN I 0*R*TEMP): = HCOOHL; 
% KMTI 1 *LC 0/.(KMT1 I *LC*NA*CH302L)/(1000*HEN II *R*TEfYIJ)):CH302 
%(KMT1 1*CH302* 1000)/NA % KMT1 1/(HEN1 1*R*TEMP): = CH302L; 
% KMT 12*LC %(KMT I 2*LC*NA*CH300HL)/( 1 000*HEN 1 2*R*TEMP):CH300H ; 
%Q(4T12*CH300H* 1000)/NA % KMT12/(HEN12*R*TEMP): = CH300I-IL; 
% KMT 1 3*LC %(KMT 13 *LC*NA*NO2L)/( 1000*HEN 13 	 ; 
0/.((yffl3*NO2*1000)/NA % KMT13/(HENI3*R*TEMP): = NO2L; 
% KMT 14*LC %(KMT 14*LC*NA*N205L)/( 1 000*HEN 1 4*R*TEMP):N205 ; 
%(KMT 14*N205* 1000)/NA % KMT 14/(HEN 14*R*TEMP): = N205L; 
% KMT 1 5*LC O%((J4T 1 5*LC*NA*03L)/( 1 000HEN 15 *R*TEM):O3 ; 
°/'JAT 15 *03 * 1000)/NA % KMTL5/(HEN 15*R*TEMP): = 03L; 
% KMT 1 6*LC %(KMTI 6*LC*NA*CH3OHL)/( 1 000*FIEN 1 6*R*TEMP):dH30H ; 
%(KMT 1 6*CH3OH* 1000)/NA % KMT 1 6/(HEN 1 6*R*TEMP): = CH30HL; 
%(KMT 1 7*CO2* 1000)/NA % KMT 1 7/(HEN 17*R*TEMP): = CO2L; 
% KMT 1 8*LC %(KMT 1 8*LC*NA*HO2NO2L)/(1 000*HIEN 1 8*R*TEMP):H02NO2 ; 
9/6(J(I4'f 1 8*H02NO2* 1000)/NA % KMT I 8/(HEN 1 8*R*TEMP): = H02NO2L; 
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% KMT 19*LC %(KMT I 9*LC*NA*NOL)/( 1000*HEN 19*R*TEMP):NO =; 
O/(J4T19*NO*1OOO)/NA % KMT19/(IIEN19*R*TEMP) = NOL; 
* Include aromatic liquid phase reactions here; 
%1.8E9: PIlL +NO3L = LPH; 
%1 .8E9: PHBL + NO3L = LB; 
%l .8E9: PHBLIQL + NO3L = LBLIQ; 
%1.55E8: BENZL + OFIL = PHBLIQL; 
%1 .55E8: BENZL + OHL = OPL; 
%6.6E9: P1-EL + OHL = PHLLOSS; 
%6.6E9: PHBL + OHL = PFELLOSS; 
%6.6E9: PHBLIQL + OHL = PHLLOSS; 
* Include aqueous phase OH reactions here; 
%1.5E9/HPL: 03L + 02ML + HPL = 02L + 02L + OHL; 
% 8 .3E5*EXP(2720*(l/TEMP1/298)): H02L + H02L = 02L + H2021,; 
%97E7*EXP(I060*(1/TEMP1/298)) IHPL: H02L + 02ML + HPL = H202L + 021,; 
% 1E1O: H02L + OHL = 1-120L + 021,; 
%1.1E1O*EXP(212O*(I/TEMPl/298)): 02ML + OHL = OHML + 021,; 
% 3E7*EXP(1680*(1rr'EMPl/298)): H202L + OHL = H02L + H201,; 
% 3E7*EXP(1680*(l/TEMP1/298)): CH30014L + OHL = CH302L + H201,; 
* Include aqueous phase N reactions here; 
% 5E9*EXP(1800*(l/TEMP1/298)): N205L + H20L = HPL + HPL + NO3ML + NO3ML; 
% 9 .4E7*EXP(2700*(l/TEMP1/298)): NO3L + OHML = NO3ML +0111; 
% 4.9E6*EXP(.2000*(l/TEMP1/298)): NO3L + H202L = NO3MIL + HPL + H02L; 
% 4.9E6*EXP(2000*(l/TEMP1/298)): NO3L + CH300HL = NO3ML + HPL + CH3021,; 
% 3E9: NO3L + H02L = NO3ML + HPL + 021,; 
% 3E9: NO3L + 02ML = NO3ML + 021,; 
% I.2E10:NO2L+OHL=NO3ML+HPL 
% 1E8: NO2L + 02ML = NO2ML + 021,; 
% IE8*EXP(2900*(I/TEMP1/298)): NO2L + NO2L = HNO2L + NO3ML + HPL; 
% 4.5E-2: O2NO2ML = NO2ML + 021,; 
% 1.1E10:NO2ML+OHLN02L+OHML; 
% 1 .4E9: NO2ML + NO3L = NO3ML + N021,; 
% 6E7: NO2ML + Cl2ML = CIML + C1ML + N021,; 
% 6.6E5*EXP(.850*(l/TEMPl/298)): NO2ML + CO3ML = CO3MML + N021,; 
% 5E5*EXP(6900*(l/TEMP1/298)): NO2ML + 03L = NO3ML + 021,; 
% 1E9:HNO2L+OHL=NO2L+H2OL; 
* Include aqueous phase organic reactions here; 
% IE9*EXP(580*(1/TEMP1/298)): CH30HL + 01-IL = H20L + H02L + HCHOL; 
% 5.4E5*EXP(4300*(1/TEMP1/298)): CH30HL + NO3L = NO3ML + HPL + H02L + HCHOL; 
% 1000*EXP(5500*(I/TEMP1I298)): CH30HL + Cl2ML = 
CIML + CIML + HPL +14021, + HCHOL; 
% 2.6E3: CH30HL + CO3ML = CO3MML + HPL + H02L + HCHOL; 
% lE9*EXP(lO2O*(I/TEMP1I298)): CH20HOHL + OHL = H20L + H02L + HCOOHL; 
% lE6*EXP(4500*(l/TEMP1/298)): CH20HOHIL + NO3L = 
NO3ML + HPL + H02L + HCOOHL; 
% 3.lE4EXP (4400*(l/TEMP1/298)): C1420HOHL ± Cl2ML = 
CIML + C1ML + HPL + H02L + HCOOHL; 
% 1.3E4: CH20HOHL + CO3ML = CO3MML + HPL + H02L + HCOOHL; 
% 1.3E8*EXP(1000*(1/TEMP1/298)): HCOOHL + 0111 = H20L + H02L + CO21,; 
% 4E9*EXP(1020*(I/TEMP1/298)): HCOOML + OHL = OHML + H02L + CO21,; 
% 3.8E5*EXP(3400*(1/TEMP1/298)): HCOOHL + NO3L = NO3ML + HPL + H02L + CO21,; 
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% 5.1E7*EXP(2200*(1/TEMP1/298)): HCOOML + NO3L = NO3ML + H02L + CO21,; 
% 5500*EXP(4500*(1/TEMP1/298)): HCOOHL + Cl2ML = 
CIML + C1ML + FIPL + H02 + CO21,; 
% 1 .3E6: HCOOML + Cl2ML = CIML + CIML + H02L + CO21,; 
% 1 .4E5*EXP(3300*(l/TEMP1/298)): HCOOML + CO3ML = CO3MML + 1102L + CO21,; 
% 1 .7E8*EXP(22OO*(1rrEMPl/298)): CH302L + CH302L = CH30HL + HCHOL + 021,; 
* Include aqueous phase Chlorine reactions here; 
% 1E7*EXP(43OO*(1/TEMPl/298)): NO3L + CIML = NO3ML + CL; 
% 8.7E8: Cl2ML + Cl2ML = C2L + CIML + CIML; 
% 7E5*EXP(3340*(l/TEMP1/298)): Cl2ML + H202L = CIML + CIML + HPL + H021,; 
% 7E5*EXP(3340*(11TEMP1/298)): Cl2ML + CH300HL = CIML + C1ML + HPL + CH302L; 
% 4E6: Cl2ML + 0J-IfvlL = CIML + CIML + 01-IL; 
% 1.3E10: C12ML + H02L = CIML + CIML + HPL + 021,; 
% 6E9: C12ML + 02ML = CIML + CIML + 021,; 
% 0.40*EXP(-7900*(lrrEMPl/298)): Cl2L + H20L = HPL + CIML + HOCIL; 
* Include aqueous phase Carbonate reactions here; 
%l .7E7*EXP(1900*(1/TEMP1/298)): HCO3ML + OHL = H20L + CO3ML; 
%1E9*EXP(2550*(1/TEMP1/298)): CO3MML + OHL = O1{ML + CO3ML; 
%l .7E7: CO3MML + NO3L = NO3ML + CO3ML; 
%2.7E6: CO3MML + Cl2ML = CIML + CIML + CO3ML; 
%2.2E6: CO3ML + CO3ML = 02ML + 02ML + CO2L + CO21,; 
0/64.3E5: CO3ML + H202L = HCO3ML + H021,; 
0/64.3E5: CO3ML + CH30014L = HCO3ML + CH3021,; 
%6.5E8: CO3ML + H02L = HCO3ML + 02L; 
%6.5E8: CO3ML + 02ML = CO3MML + 021,; 
* Include aqueous phase equilibria here; 
% 2 .34E5*EXP(6800*(l/TEMPl/298)) %l.3E1 1 H20L = HPL + OHML; 
% 4.3E2*EXP(9250*(1/TEMP1/298)) % 5.6E4*EXP(8500*(1/TEMP 1/298)) 
CO2L + H20L = H2CO3L; 
% 1E7 % 5E10: H2CO3L = HPL + HCO3ML; 
% 2.35*EXP(1820*(1/TEMP1/298)) % 5E10: HCO3ML = HPL + CO3MML; 
%8E5%5E10:HO2LHPL+O2ML; 
% 1.1E12*EXP(1800*(l/TEMP1/298)) % 5E10: HNO3L = HPL + NO3ML; 
% 2.65E7 EXP(1760*(l/TEMPl/298)) % 5E10: HNO2L = HPL + NO2ML; 
% 5E5 % 5E10 : HO2NO2L = HPL + O2NO2ML; 
% 1E7 % 4.6E-3 : NO2L + H02L = H02NO2L; 
% 8.85E6 EXP(12*(l/TEMP1/298)) % 5E10: HCOOHL = HCOOML+ HPL; 
% 0.18* EXP(4030*(1/TEMP1/298)) % 5.IE-3: HCHOL + 11201, = CH20HOHL; 
% 2.7E10 % 1.4E5: CIL + C1ML = Cl2ML; 
% 4.3E9 % 6.1 E9: CIML + OHL = CIOFIML; 
%2.IEIO % 1.3E3: CIOHML + HPL = CIL + H20L; 
% 1E4 % 4.5E7: CIOHML + CIML = Cl2ML + OHML; 
% 8.6E16 *E)(6890*(1f EMP-1/298)) % 5E10: HCIL = HPL + CIML; 
* Include emission rates here; 
%EMISSNO : =N0; 
%EMISSPH = PH; 
%EMIISSBENZ : = BENZ; 
* Include deposition rates here; 
%DEPHNO3: HNO3 ; 
%DEPH202: H202 ; 
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%DEP03: 03=; 
0/oDEPNO2: NO2 =; 
%DEPHNO2: HNO2 ; 
COMPILE GENERAL; 
HRS = TIME / 3600; 
*4. 
* Defme the print table here; 
SETPSTREAM 11; 
HRS OlD 03P N20 CH30 CH3NO3 C11302NO2 OPL; 
*4. 
SETPSTREAM 22; 
RO PHLOSS PHLLOSS PH PHL PHB PHBL PHBLIQ PHBLIQL; 
*4. 
SETPSTREAM 33; 
NO3 NO3L BENZ BENZL OH OHL 1102 H02L 11202 H2021,; 
4*. 
SETPSTREAM 44; 
HNO3 HNO3L HCHO HCHOL HNO2 HNO2L HCOOH HCOOHL; 
*4. 
SETPSTREAM 55; 
CH302 R02 CH302L CH300H CH300HL NO2 NO2L N205 N2051,; 
*4. 
SETPSTREAM 66; 
03 03L CH30H CH30HL CO2L H02NO2 H02NO2L NO NOL; 
4*. 
SETPSTREAM 77; 
HPL OHML 02ML NO3ML NO2ML 02NO2ML H2CO3L CO3MML; 
4*. 
SETPSTREAM 88; 
CO3ML CH20HOHL HCOOML HCO3ML HOCIL Cl2L Cl2ML C1L; 
*4. 
SETPSTREAM 99; 
C[ML HCIL CIOHML ACIDITY NEG BAL; 
*4. 
SETPSTREAM 10 10; 
APH AB ABLIQ LPH LB LBLIQ; 
4*. 
SETPSTREAM 1111; 
C6H50 C6H5OB C6H5OBLIQ; 
*4. 
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SETPSTREAM 12 12; 
TEMP Henl8 Henl9; 
* Identif' what is to be output; 
COMPILE PRINT; 
PHLAV = PHt*NA/1000*LC; 
PHLOAV = PHLLOSS*NA/l000*LC; 
LPHAV = LPH*NA/1000*LC; 
PHTOT = PH + PHLAV + PHLOSS + APH + LPHAV + PHLOAV; 
ACIDITY = -LOG l0(HPL+1OE-30); 















* Control time course of programme; 
WHENEVER TIME = 0 +360*14400 % RESTART; 
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